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ABSTRACT 
       In recent years electrical power quality has been an important and growing problem 
because of the proliferation of nonlinear loads such as power electronic converters in typical 
power distribution systems. Particularly, voltage harmonics and power distribution equipment 
problems result from current harmonics produced by nonlinear loads.  The electronic 
equipments like; computers, battery chargers, electronic ballasts, variable frequency drives, 
and switch mode power supplies, generate perilous harmonics and cause enormous economic 
loss every year. Problems caused by power quality have great adverse economic impact on 
the utilities and customers. Due to that both power suppliers and power consumers are 
concerned about the power quality problems and compensation techniques. 
      Issue of harmonics are of a greater concern to engineers and building designers because 
harmonics can do more than distort voltage waveforms, they can overheat the building 
wiring, causes nuisance tripping, overheat transformer units, and cause random end-user 
equipment failures. Thus power quality (PQ) has become more and more serious with each 
passing day. As a result active power filter (APF) gains much more attention due to excellent 
harmonic and reactive power compensation in two-wire (single phase), three-wire (three-
phase without neutral), and four-wire (three-phase with neutral) ac power networks with 
nonlinear loads. The APF technology has been under research and development for providing 
compensation for harmonics, reactive power, and/or neutral current in ac networks.  Current 
harmonics are one of the most common power quality problems and are usually resolved by 
the use of shunt active filters.  
      In this research work, the performance of the shunt active filter control strategies has been 
evaluated in terms of harmonic mitigation and DC link voltage regulation. Three-phase 
reference current waveforms generated by proposed scheme are tracked by the three-phase 
voltage source converter in a hysteresis band control scheme. This research presents different 
topologies and controllers with enhanced performance of shunt active filter for power quality 
improvement by mitigating the harmonics and maintaining dc link voltage constant.  
     For extracting the three-phase reference currents for shunt active power filters, we have 
developed shunt active filter Instantaneous active and reactive power “p-q”  and  
Instantaneous active and reactive current “Id-Iq” control strategies.  For regulating and 
maintaining the DC link capacitor voltage constant, the active power flowing into the active 
filter needs to be controlled. In order to maintain DC link voltage constant and to generate the 
compensating reference currents, we have developed PI Controller, Type-1 and Type-2 Fuzzy 
logic controller with different Fuzzy MFs (Trapezoidal, Triangular and Gaussian). The 
proposed APF is verified through MATLAB/SIMULINK.  The detailed real-time results using 
Real-time digital simulator are presented to support the feasibility of proposed control 
strategy.  
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CHAPTER – 1 
 1.1 RESEARCH BACKGROUND 
   The electronic equipment like; computers, battery chargers, electronic ballasts, variable 
frequency drives, and switch mode power supplies, generate perilous harmonics and cause 
enormous economic loss every year. Due to that both power suppliers and power consumers are 
concerned about the power quality problems and compensation techniques. Harmonics surfaced 
as a buzz word from 1980’s which always threaten the normal operation of power system and 
user equipment. Issue of Harmonics are of a greater concern to engineers and building designers 
because harmonics can do more than distort voltage waveforms, they can overheat the building 
wiring, causes nuisance tripping, overheat transformer units, and cause random end-user 
equipment failures. Thus power quality (PQ) has become more and more serious with each 
passing day. As a result, active power filter (APF) gains much more attention due to excellent 
harmonic and reactive power compensation in two-wire (single phase), three-wire (three-phase 
without neutral), and four-wire (three-phase with neutral) ac power networks with nonlinear 
loads. 
      Active power filters have been under research and development for more than three decades 
and have found successful industrial applications with varying configurations, control strategies, 
and solid-state devices. However, this is still a technology under development, and many new 
contributions and new control topologies have been reported in the last few years. It is aimed at 
providing a broad perspective on the status of APF technology to researchers and application 
engineers dealing with power quality issues. 
    In this research work, the performance of the shunt active filter current control strategies has 
been evaluated in terms of harmonic mitigation and DC link voltage regulation. This research 
presents different control strategies and controllers with enhanced performance of shunt active 
filter for power quality improvement by mitigating the harmonics and maintaining DC link 
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voltage constant. Three-phase reference current waveforms generated by proposed schemes are 
tracked by the three-phase voltage source converter in a hysteresis band control scheme.  
    For extracting the three-phase reference currents for shunt active power filters, we have 
developed instantaneous active and reactive power “p-q”  and  Instantaneous active and reactive 
current “Id-Iq” control strategies.  For regulating and maintaining the DC link capacitor voltage 
constant, the active power flowing into the active filter needs to be controlled. In order to 
maintain DC link voltage constant and to generate the compensating reference currents, we have 
developed PI, Type-1 and Type-2 Fuzzy logic controllers with different Fuzzy MFs (Trapezoidal, 
Triangular and Gaussian). The proposed APF is verified through Real-time digital simulator. 
The detailed real-time results are presented to support the feasibility of proposed control 
strategies.  
    When the supply voltages are balanced and sinusoidal, the two control strategies; 
Instantaneous active and reactive Power (p-q) control strategy and Instantaneous active and 
reactive current (Id-Iq) control strategy are converging to the same compensation characteristics 
but, when the supply voltages are distorted and/or un-balanced sinusoidal, these control 
strategies result in different degrees of compensation in harmonics. The p-q control strategy is 
unable to yield an adequate solution, when source voltages are not ideal. Under unbalanced/non-
sinusoidal condition, p-q control strategy is not succeeded in compensating harmonic currents, 
notches are observed in the source current. The main reason behind the notches is that the 
controller failed to track the current correctly and thereby APF fails to compensate completely. 
So to avoid the difficulties occur with p-q control strategy, we have considered Id-Iq control 
strategy.  
This chapter is organized as follows: section 1.2 introduces the importance of active power 
filters and solid state devices, section 1.3 deals with the power quality issues, section 1.4 provides 
the solutions for mitigation of harmonics, section 1.5 provides the classifications of active power 
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filter, section 1.6 provides the details of selection considerations of APFs, section 1.7 provides 
the details of  technical and economic considerations, section 1.8 provides the introduction to 
active power filter control strategies and finally motivation, dissertation objectives and 
dissertation structure are clearly outlined in section 1.9, 1.10, and section 1.11 respectively.  
1.2 INTRODUCTION TO APF TECHNOLOGY 
       The growing number of power electronics-based equipments has produced significant 
impact on the quality of electric power supply. Both high power industrial loads and domestic 
loads cause harmonics [1] in the network voltages. At the same time, much of the equipments 
causing the disturbances are quite sensitive to deviations from the ideal sinusoidal line 
voltage. Therefore, power quality problems may originate in the system or may be caused by 
the consumer itself. Moreover, in the last years the growing concern related to power quality 
comes from: 
 Consumers that are becoming gradually aware of the power quality issues [2] and 
being more informed about the consequences of harmonics, interruptions, voltage 
sags, switching transients, etc. Motivated by deregulation, they are challenging the 
energy suppliers to improve the quality of the power delivered. 
 The proliferation of load equipment with microprocessor based controllers and power 
electronic devices which are sensitive to many types of power quality disturbances. 
 Emphasis on increasing overall process productivity, which has led to the installation 
of high-efficiency equipment, such as adjustable speed drives and power factor 
correction equipment. This in turn has resulted in an increase in harmonics injected 
into the power system, causing concern about their impact on the system behavior. 
    For an increasing number of applications, conventional equipment is proving insufficient 
for mitigation of power quality problems. Harmonic distortion has traditionally been dealt 
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with the use of passive LC filters. However, the application of passive filters [3] for harmonic 
reduction may result in parallel resonances with the network impedance, over compensation 
of reactive power at fundamental frequency, and poor flexibility for dynamic compensation 
of different frequency harmonic components. 
     The increased severity of power quality in power networks has attracted the attention of 
power engineers to develop dynamic and amendable solutions to the power quality problems. 
Such equipment, generally known as active power filters [4], are also called active power line 
conditioners, and are able to compensate current and voltage harmonics, reactive power, 
regulate terminal voltage, suppress flicker, and to improve voltage balance in three-phase 
systems. The advantage of active filtering is that it automatically adapts to changes in the 
network and load fluctuations. They can compensate for several harmonic orders, and are not 
affected by major changes in network characteristics, eliminating the risk of resonance 
between the filter and network impedance. Another advantage is that they take up very little 
space compared with traditional passive compensators. 
     The demand from the electricity customers for good quality of power supply is ever rising 
due to the increase of sensitive loads. This is often a stimulating task. Solid state control of ac 
power using thyristors and other semiconductor switches is widely employed to feed 
controlled electric power to electrical loads, such as adjustable speed drives (ASDs) [5], 
furnaces, computer power supplies, etc. Such controllers are also used in HVDC systems and 
renewable electrical power generation. As non-linear loads, these solid-state converters draw 
harmonic and reactive power components of current from ac mains. In three-phase systems, 
they could also cause unbalance and draw excessive neutral currents. The injected harmonics, 
reactive power burden, unbalance, and excessive neutral currents cause low system efficiency 
and poor power factor. They also cause disturbance to other consumers and interference in 
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nearby communication networks.  The increased severity of harmonic pollution in power 
networks has attracted the attention of power electronics and power system engineers to 
develop dynamic and adjustable solutions to the power quality problems. Such equipment, 
generally known as active power filters (APFs) [1-65], are also called active power line 
conditioners (APLCs), instantaneous reactive power compensators (IRPCs), and active power 
quality conditioners (APQCs). In recent years, many publications have also appeared on 
harmonics [6-9, 12-16, 26, 47, 50, 60, 65], reactive power, load balancing and neutral current 
compensation associated with linear and non-linear loads [27, 32, 60]. 
     The active power filter (APF) [1-65] technology has been under research and development 
for providing compensation for harmonics, reactive power, and/or neutral current in ac 
networks. APFs are also used to eliminate harmonics, to regulate terminal voltage, to 
suppress voltage flicker, and to improve voltage balance in three-phase systems. This wide 
range of objectives is achieved either individually or in combination, depending upon the 
requirements and control strategy [7, 26, 36, 48, 50, 61, 63, 65] and configuration which have 
to be selected appropriately.  
     One of the major factors in advancing the APF technology is the advent of fast self- 
commutating solid-state devices. In the initial stages, thyristors, bipolar junction transistors 
(BJTs) [4] and power MOSFETs were used for APF fabrication; later, static induction 
thyristors (SITs) and gate-turn-off thyristors (GTOs) were employed to develop APFs. With 
the introduction of insulated gate bipolar transistors (IGBTs), the APF technology got a real 
enhancement and, at present, they are considered as ideal solid-state devices for APFs. The 
improved sensor technology has also contributed to the enhanced performance of the APF. 
The availability of Hall-effect sensors and isolation amplifiers at reasonable cost and with 
adequate ratings has improved the APF performance.  
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    The next breakthrough in APF development has resulted from the micro-electronics 
revolution. Starting from the use of discrete analog and digital components [5, 6], the 
progression has been to micro-processors, micro-controllers, and digital signal processors 
(DSPs) [6]. Now, it is possible to implement complex algorithms on-line for the control of 
the APF at reasonable cost. This development has made it possible to use different controllers 
such as, proportional integral (PI) [7, 26], variable-structure control, Fuzzy logic controller 
[7, 11-13, 26, 50, 54, 62, 65], and neural networks [15-21] for improving the dynamic and 
steady-state performance of the APF. With these improvements, the APFs [1-65] are capable 
of providing fast corrective action, even with dynamically changing non-linear loads. 
1.3 POWER QUALITY ISSUES 
     The Power Quality (PQ) issue is defined as “Any power problem manifested in voltage, 
current, or frequency deviations those results in damage, upset, failure or mis-operation of 
customer equipment.” Almost all PQ issues [8] are closely related with power electronics in 
almost every aspect of commercial, domestic, and industrial application. Equipments using 
power electronic devise are residential appliances like TVs, PCs etc.; business and office 
equipment like copiers, printers etc.; industrial equipment like programmable logic 
controllers (PLCs), adjustable speed drives (ASDs), rectifiers, inverters, CNC tools and etc. 
The PQ problem can be detected from one of the following several symptoms depending on 
the type of issue involved.  
    Power electronics (PE) has three aspects in power distribution:  
(a) Power electronics introduces valuable industrial and domestic equipment; 
(b) Power electronics are the most important cause of harmonics; interharmonics, 
notches, and neutral currents. 
(c) Power electronics helps to solve those PQ problems. 
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1.3.1 Main causes of poor Power Quality 
    The main causes of PQ issues are Non-linear loads, Adjustable-speed drives, Traction 
drives, Start of large motor loads, Arc furnaces, Intermittent loads transients, Lightning, 
Switching transients and Faults.              
1.3.2 Power Quality Problems 
     The PQ problems [7] are Short-duration Voltage Variations (Voltage Interruption, Voltage 
Sag and Voltage Swell); Long-duration Voltage Variations (Under Voltage and Over 
Voltage); Voltage Flicker; Voltage Notching; Transient Disturbance and Harmonic 
Distortion. The descriptions, causes and consequences of Power Quality Issues are given in 
Table 1.1. 
       The Harmonics [9] are produced by rectifiers, ASDs, soft starters, electronic ballast for 
discharge lamps, switched-mode power supplies, and HVAC using ASDs. Equipment 
affected by harmonics includes transformers, motors, cables, interrupters, and capacitors 
(resonance). Notches are produced mainly by converters, and they principally affect the 
electronic control devices. Neutral currents are produced by equipment using switched-mode 
power supplies, such as PCs, printers, photocopiers, and any triplet’s generator. Neutral 
currents seriously affect the neutral conductor temperature and transformer capability. Inter-
harmonics are produced by static frequency converters, cyclo-converters, induction motors & 
arcing devices.  
Equipment presents different levels of sensitivity to PQ issues, depending on the type of 
both the equipment and the disturbance. Furthermore, the effect on the PQ of electric power 
systems, due to the presence of PE, depends on the type of PE utilized. The maximum 
acceptable values of harmonic contamination are specified in IEEE standard in terms of total 
harmonic distortion (THD).  
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Table.1.1 Description, Causes and Consequences of Power Quality Issues 
Power Quality 
Issues 
Description, Causes and Consequences 
 
Very short 
Interruptions 
 
 
Description: Total interruption of electrical supply for duration from few 
milliseconds to less than 1minute. 
Causes: Caused by mainly due to the opening and automatic reclosure of 
protection devices to decommission a faulty section of the network. The main 
fault causes are insulation failure, lightning and insulator flashover. 
Consequences: Tripping of protection devices, loss of information and 
malfunction of data processing equipment. Stoppage of sensitive equipment, 
such as ASDs, PCs, PLCs, if they’re not prepared to deal with this situation. 
 
 
Voltage sag 
(or dip) 
 
 
Description: It is a reduction in the rms voltage in the range of 10% and 90% 
for duration greater than half a mains cycle and less than 1 minute. 
Causes: Caused by faults on the transmission or distribution network. Faults 
in consumer’s installation. Connection of increased load demand (heavy 
loads) and start-up of large motors. 
Consequences: Malfunction of information technology equipment, namely 
microprocessor-based control systems (PCs, PLCs, ASDs, etc.) that may lead 
to a process stoppage. Tripping of contactors and Electro-mechanical relays. 
Disconnection and loss of efficiency in electric rotating machines. 
 
 
Voltage swell 
 
 
Description: Momentary increase of the voltage, at the power frequency, 
outside the normal tolerances, with duration of more than one cycle and 
typically less than a 1 minute. 
Causes: Caused by Start/stop of heavy loads, badly dimensioned power 
sources, badly regulated transformers (mainly during off-peak hours), system 
faults, load switching and capacitor switching. 
Consequences: Data loss, flickering of lighting and screens, stoppage or 
damage of sensitive equipment, if the voltage values are too high. 
Long 
interruptions 
 
Description: Total interruption of electrical supply for duration more than 1 
to 2 minutes. 
Causes: Caused by equipment failure in the power system network, storms 
and objects (trees, cars, etc.) striking lines orpoles, fire, human error, bad 
coordination or failure of protection devices.  
Consequences: Stoppage of all the equipment. 
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Under Voltage 
 
 
Description: It is a decrease in the rms ac voltage to less than 90% at the 
power frequency for a duration longer than 1 min. 
Causes: Caused by switching on a large load or switching off a large 
capacitor bank. 
Consequences: The flickering of lighting and screens, giving the impression 
of unsteadiness of visual perception. 
 
Over voltage 
 
Description: It is an increase in the rms ac voltage to a level greater than 
110% at the power frequency for a duration longer than 1 min. 
Causes: Caused by switching off a large load or energizing a capacitor bank. 
Incorrect tap settings on transformers can also cause under voltages and over 
voltages. 
Consequences: The flickering of lighting and screens, stoppage or damage of 
sensitive equipment, if the voltage values are too high. 
 
Voltage 
Unbalance 
 
Description: A voltage variation in a three-phase system in which the three 
voltage magnitudes or the phase angledifferences between them are not equal. 
Causes: Large single-phase loads (induction furnaces, traction loads), 
incorrect distribution of all single-phase loads by the three phases of the 
system (this may be also due to a fault). 
Consequences: Unbalanced systems imply the existence of a negative 
sequence that is harmful to all three phase loads. The most affected loads are 
three-phase induction machines. 
 
Noise 
 
Description: Superimposing of high frequency signals on the waveform of the 
power-system frequency. 
Causes: Electromagnetic interferences provoked by Hertzian waves such as 
microwaves, television diffusion, and radiation due to welding machines, arc 
furnaces, and electronic equipment. Improper grounding may also be a cause. 
Consequences: Disturbances on sensitive electronic equipment, usually not 
destructive, data loss and data processing errors. 
 
Voltage Flicker 
 
Description: A waveform may exhibit voltage flicker if its amplitude is 
modulated at frequencies less than 25 Hz, which the human eye can detect as 
a variation in the lamp intensity of a standard bulb. 
Causes: Caused by an arcing condition on the power system, arc furnaces, 
and frequent start/stop of electric motors and oscillating loads. 
Consequences: The flickering of lighting and screens, giving the impression 
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of unsteadiness of visual perception. 
 
 
 
Voltage Notching 
 
 
Description: Very fast variation of the voltage value for durations from a 
several microseconds to few milliseconds. These variations may reach 
thousands of volts, even in low voltage. It is an effect that can raise PQ issues 
in any facility where solid-state rectifiers are used. 
Causes: Caused by lightning, switching of lines or power factor correction 
capacitors, disconnection of heavy loads, the commutation of power electronic 
rectifiers. 
Consequences: Destruction of components and of insulation materials, data 
processing errors or data loss, electromagnetic interference. 
 
 
 
 
 
Harmonic 
Distortion 
 
 
 
Description: Harmonics are periodic sinusoidal distortions of the supply 
voltage or load current caused by non-linear loads. Harmonics are measured 
in integer multiples of the fundamental supply frequency.Voltage or current 
waveforms assume non-sinusoidal shape.  
Classic sources: Electric machines working above the knee of the 
magnetization curve (magnetic saturation), arcs (Arc furnaces, fluorescent 
lights), welding machines, rectifiers (Microprocessors, motor drives, any 
electronic load), and DC brush motors. 
Modern sources: all non-linear loads such as power electronics equipment 
including ASDs, switched mode power supplies, data processing equipment, 
high efficiency lighting. 
Consequences: Transformers to overheat, neutral overload in 3-phase 
systems, overheating of all cables and equipment, transformer secondary 
voltage distorsion, power system losses to increase, loss of efficiency in 
electric machines, electro-magnetic interference with communication systems, 
protective relays to fail, capacitors to explode, increased probability in 
occurrence of resonance, errors in measures when using average reading 
meters, nuisance tripping of thermal protections. 
 
   Harmonics have frequencies that are integer multiples of the waveform’s fundamental 
frequency. For example, given a 50Hz fundamental waveform, the 2
nd
, 3
rd
, 4
th
 and 5
th
 
harmonic components will be at 100Hz, 150Hz, 200Hz and 250Hz respectively. Thus, 
harmonic distortion is the degree to which a waveform deviates from its pure sinusoidal 
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values as a result of the summation of all these harmonic elements. The ideal sine wave has 
zero harmonic components. In that case, there is nothing to distort this perfect wave. 
  Total Harmonic Distortion [10] of a signal is a measurement of the harmonic distortion 
present and is defined as the ratio of the summation of all harmonic components of the 
voltage or current waveform compared to the fundamental component of the voltage or 
current wave. THD [11] of source current is a measure of the effective value of harmonic 
distortion and can be calculated as per (1.1 and 1.2) in which i1 is the RMS value of 
fundamental frequency component of current and in represents the RMS value of n
th
 order 
harmonic component of current as follows: 
2 2 2 2( i i i ....... i )
2 3 4 n
THD
i
1
   
                  (1.1) 
2i
n
n 2
THD
i
1


                          (1.2) 
1.4 SOLUTIONS FOR MITIGATION OF HARMONICS 
      There are two methodologies to the mitigation of power quality problems. The first 
methodology is called load conditioning, which ensures that the equipment is made less 
sensitive to power disturbances, allowing the operation even under significant voltage 
distortion. The other methodology is to install line-conditioning systems that suppress or 
counteract the power system disturbances. 
      Passive filters have been most commonly used to limit the flow of harmonic currents in 
distribution systems. They are usually custom designed for the application. However, their 
performance is restricted to a few harmonics, and they can introduce resonance in the power 
system. Among the different new technical preferences available to improve power quality, 
active power filters have proved to be an important and flexible alternative to compensate for 
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current and voltage disturbances in power distribution systems. The idea of active filters is 
relatively old, but their practical development was made possible with the new improvements 
in power electronics and microcomputer control strategies as well as with cost reduction in 
electronic components. Active power filters [12] are becoming a viable alternative to passive 
filters and are gaining market share speedily as their cost becomes competitive with the 
passive variety. Through power electronics, the active filter introduces current or voltage 
components, which cancel the harmonic components of the nonlinear loads [13] or supply 
lines, respectively.  
1.4.1 Classification of power filters 
 
      Classifications of Power Filters [7] and hybrid filters are shown in Fig 1.1 and Fig. 1.2. 
Power Filters are classified as Passive Filters, Active Filters and Hybrid Filters. Passive and 
active filters are again categorised as Series Filters (Passive or Active), Shunt Filters (Passive 
or Active), Combination of Series and Shunt Filters (Passive or Active). 
 
Fig.1.1. Classifications of Power Filters 
  
Chapter - 1 
 
 
13 
Hybrid filters are used in single-phase, three-phase three-wire and three-phase four-wire 
systems and they are classifies as Series passive – Shunt Passive filters, Series active – Shunt 
active filters, Series passive – Shunt active filters and Series active – Shunt passive filters 
 
Fig.1.2. Classifications of Hybrid Filters 
1.4.1.1 Passive Filters: It Provide a low-impedance path to ground for the harmonic 
frequencies. 
Advantages: 
   Harmonic reduction is possible. 
   Undesirable harmonics are absent. 
   Reactive power compensation is possible. 
Disadvantages: 
x  Resonance with line impedance occurs. 
x Tuning frequency is less accurate and requires a lot of calculations. 
x  It cannot be used when harmonic components vary randomly. 
x  Heavy and bulky. 
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1.4.1.2 Active Filters: It inject equal and opposite harmonics onto the power system to 
cancel those generated by other equipment [26]. 
Advantages: 
 Cancel out harmonics. 
 Block resonance. 
 Reactive power management. 
  Small Size. 
  Tuning is easy and accurate. 
  It can be used when harmonic components vary randomly. 
Disadvantages: 
x Costly. 
x Chance to develop inherent harmonics (Because of power electronic devices). 
1.4.1.3 Hybrid Filters 
Advantages: 
 Cancel out both Voltage and current harmonics.  
 Block resonance. 
 Reactive power management. 
 Cheap. 
1.4.2 Active filters applications depending on PQ issues  
        Shunt active filters [7, 9-15, 22, 24, 26, 36, 48, 50, 61] are used for reactive power 
compensation, voltage regulation, unbalance current compensation (for 3-phase systems), and 
neutral current compensation (for 3-phase 4-wire systems). Series active filters [3, 28, 57] 
are used for reactive power compensation, voltage regulation, compensation for voltage sag 
and swell, and unbalance voltage compensation (for 3-phase systems).  
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Table.1.2 Active Power Filter Applications depending on PQ issues 
 
Active Filter 
Connection 
Load Effect on AC Supply 
AC Supply Effect 
on Load 
Shunt Active Filter 
• Unbalance current compensation 
• Reactive power compensation 
• Voltage Regulation 
• Neutral Current Compensation  
 
Series Active Filter 
• Unbalance voltage compensation 
• Reactive Power Compensation 
• Voltage Regulation 
• Compensation for Voltage sag 
and Swell 
• Voltage sag/swell 
• Voltage unbalance 
• Voltage distortion 
• Voltage interruption 
• Voltage flicker 
• Voltage notching 
Series-Shunt 
Active Filter 
• Unbalance current compensation 
• Unbalance voltage compensation 
• Reactive Power Compensation 
• Voltage Regulation 
• Compensation for Voltage sag 
and swell 
• Neutral Current Compensation  
• Voltage sag/swell 
• Voltage unbalance 
• Voltage distortions 
• Voltage interruptions 
• Voltage flicker 
• Voltage notching 
 
Series-Shunt Active Filters [8, 17, 54] are used for reactive power compensation, voltage 
regulation, compensation for voltage sag and swell, unbalance compensation for current and 
voltage (for 3-phase systems), and neutral current compensation (for 3-phase 4-wire 
systems). Active filters applications depending on PQ issues are given in Table. 1.2 
1.4.3 Selection of Power Filters 
    The selection of power filters [7, 26, 50] is based on the following factors: 
 Nature of Load (Voltage Fed, Current Fed or Mixed). 
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 Type of Supply System (single-phase, three-phase three-wire, three-phase four-wire). 
 Pattern of loads (fixed, variable, fluctuating). 
 Compensation required in current (harmonics, reactive power, balancing, neutral 
current) or voltage (harmonics, flicker, unbalance, regulation, sag, swell, spikes, 
notches). 
 Level of compensation required (THD, Individual harmonic reduction meeting 
specific standard, and etc.). 
 Environmental factors (ambient temperature, altitude, pollution, humidity, and etc.). 
 Cost, size, weight. 
 Efficiency. 
 Reliability. 
1.5 CATEGORIZATION OF ACTIVE POWER FILTER  
       APFs can be classified based on converter topology, type, and the number of phases. The 
topology can be shunt, series, or a combination of both.  The converter type can be either CSI 
or VSI bridge structure. The third classification is based on the number of phases, such as 
two-wire (single phase) [15, 22, 27] and three or four-wire three-phase systems [23-26, 35-
41, 45-50, 61, 63, 71]. 
1.5.1 Converter based categorization 
    In the development of APFs [7, 26, 50, 63] two types of converters are used, they are 
Current-fed-type APF and Voltage-fed-type APF. Fig. 1.3 shows the current-fed pulse width 
modulation (PWM) inverter bridge structure. It behaves as a non-sinusoidal current source to 
meet the harmonic current requirement of the non-linear load. A diode is used in series with 
the self-commutating device (IGBT) [29] for reverse voltage blocking. However, GTO-based 
configurations do not need the series diode, but they have restricted frequency of switching. 
  
Chapter - 1 
 
 
17 
They are considered sufficiently reliable, but have higher losses and require higher values of 
parallel ac power capacitors. Moreover, they cannot be used in multilevel or multistep modes 
to improve performance in higher ratings. 
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Fig.1.3. Current-fed-type APF                           Fig.1.4 Voltage-fed-type APF 
      The other converter used as an APF is a voltage-fed PWM [57] inverter structure, as 
shown in Fig.1.4. It has a self-supporting dc voltage bus with a large dc capacitor. It has 
become more dominant, since it is lighter, cheaper, and expandable to multilevel and 
multistep versions, to enhance the performance with lower switching frequencies. It is more 
popular in UPS based applications, because in the presence of mains, the same inverter bridge 
can be used as an APF to eliminate harmonics of critical non-linear loads. 
1.5.2 Topology based categorization 
     APFs can be classified based on the topology [7, 26, 50, 54] used as Series-type APF, 
Shunt-type APF, Unified power quality conditioners (UPQC) and Hybrid filters. Fig. 1.5 
shows the basic block of a stand-alone series APF [5]. It is connected before the load in series 
with the mains, using a matching transformer, to eliminate voltage harmonics, and to balance 
and regulate the terminal voltage of the load or line. It has been used to reduce negative-
sequence voltage and regulate the voltage on three-phase systems. It can be installed by 
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electric utilities to compensate voltage harmonics [26] and to damp out harmonic propagation 
caused by resonance with line impedances and passive shunt compensators. 
        Fig.1.3 and Fig.1.4 are examples of shunt active filter [5, 7, 9, 11-14, 22, 26, 36, 48, 50], 
which is most widely used to eliminate current harmonics, reactive power compensation, and 
balancing un-balanced currents. It is mainly used at the load end, because current harmonics 
are injected by non-linear loads. It injects equal compensating currents, opposite in phase, to 
cancel harmonics and/or reactive components of the non-linear load current at the point of 
connection. It can also be used as a static var generator in the power system network for 
stabilizing and improving the voltage profile [9, 22].  
 
Fig.1.5 Series-type APF 
      Fig.1.6 shows a unified power quality conditioner [8, 17, 54] (also known as a universal 
APF), which is a combination of active series and active shunt filters. The dc-link storage 
element (either inductor or dc-bus capacitor) is shared between two current source or voltage-
source bridges operating as active series and active shunt compensators [17]. It is used in 
single-phase as well as three-phase configurations. It is considered an ideal APF which 
eliminates voltage and current harmonics and is capable of giving clean power to critical and 
harmonic-prone loads, such as computers, medical equipment, etc. It can balance and regulate 
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terminal voltage and eliminate negative-sequence currents. Its main drawbacks are its large 
cost and control complexity because of the large number of solid-state devices involved [54].  
 
Fig.1.6 Unified power quality conditioner (UPQC) as universal APF 
       The hybrid filter [3, 34] is a combination of series filters (either active or passive) and 
shunt filter (either active or passive). It is quite popular because the solid-state devices used 
in the active series part can be of reduced size and cost (about 5% of the load size) and a 
major part of the hybrid filter is made of the passive shunt L-C filter used to eliminate lower 
order harmonics [34]. It has the capability of reducing voltage and current harmonics at a 
reasonable cost. There are many more hybrid configurations, but for the sake of brevity, they 
are not discussed here, however, details can be found in the respective references. 
1.5.3 Supply system based categorization 
    Supply system based classification of APFs is based on the supply and/or the load system. 
They are Single-phase Two-wire APF, Three-phase Three-wire APF and Three-phase Four-
wire APF. There are many non-linear loads, such as domestic appliances, connected to 
single-phase supply systems. Some three-phase non-linear loads are without neutral, such as 
ASDs, fed from three-wire supply systems. There are many non-linear single-phase loads 
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distributed on three-phase four-wire supply systems [7, 25, 46-48, 50, 61, 63], such as 
computers [27], commercial lighting, and etc.  
1.5.3.1 Two-Wire APFs: 
      Fig.1.7 shows a two-wire shunt APF with current source inverter two-wire (single-phase) 
[15, 22, 27]. APFs are used in all three modes as active series active shunt, and a combination 
of both as unified line conditioners.  
 
Fig.1.7 Two-wire shunt APF with current source inverter 
      Both converter configurations, current-source PWM bridge with inductive energy storage 
element and voltage-source PWM bridge with capacitive dc-bus energy storage elements, are 
used to form two-wire APF circuits [22]. In some cases, active filtering is included in the 
power conversion stage to improve input characteristics at the supply end. The series APF is 
normally used to eliminate voltage harmonics, spikes, sags, notches, etc., while the shunt 
APF is used to eliminate current harmonics and reactive power compensation [27].  
1.5.3.2 Three-Wire APFs: 
      Fig.1.8 shows Three-phase three-wire APF [23, 24, 35, 39- 41, 45].Three-phase three-
wire non-linear loads, such as ASDs, are major applications of solid-state power converters 
and, lately, many ASDs, etc., incorporate APFs in their front-end design. A large number of 
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publications have appeared on three-wire APFs [23] with different configurations. Active 
shunt APFs are developed in the current-fed type (Fig. 1.3) or voltage fed type with single-
stage (Fig.1.4) or multistep/multilevel and multi series [57] configurations. Active shunt 
APFs are also designed with three single-phase APFs with isolation transformers for proper 
voltage matching, independent phase control, and reliable compensation with un-balanced 
systems. Active series filters are developed for stand-alone mode (Fig. 1.5) or hybrid mode 
with passive shunt filters. 
 
Fig.1.8 Three-phase three-wire APF 
 1.5.3.3 Four-Wire APFs: 
      A large number of single-phase loads may be supplied from three-phase mains with 
neutral conductor [7, 25, 46-48, 50, 61, 63], (Fig.1.9). They cause excessive neutral current 
[23, 24], harmonic and reactive power burden, and unbalance. To reduce these problems, 
four-wire APFs have been attempted. They have been developed as active shunt mode with 
current fed and voltage fed, active series mode and hybrid form with active series and passive 
shunt mode.  
  
Chapter - 1 
 
 
22 
To employ APFs in three-phase four-wire systems, two types of configurations are possible;  
(a) Three-phase four-wire four-pole Shunt APF 
(b) Three-phase four-wire Capacitor midpoint Shunt APF 
 
Fig.1.9 Three-phase four-wire four-pole Shunt APF 
   Three-phase four-wire [7, 25, 46-48, 50, 61, 63], four-pole Shunt APF is a four-leg 
structure, where a fourth leg is provided exclusively for neutral current compensation 
(Fig.1.9) and three-phase four-wire capacitor midpoint Shunt APF is a three-leg structure 
with the neutral conductor being connected to midpoint of dc-link capacitor (Fig.1.10).  The 
four-leg eight-switch APF topology is preferred to be implemented as many researchers have 
appointed this configuration as the most proficient alternative to be used in shunt APF [26]. 
The three-leg six-switch split-capacitor configuration of shunt APF suffers from several 
shortcomings viz. 
 Control circuit is somewhat complex 
 Voltages of the two capacitors of split-capacitor need to be properly balanced 
 Large dc-link capacitors are required. 
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  Despite the fact, three-phase four-wire capacitor midpoint [26, 50] Shunt APF topology is 
preferred owing to less number of switching devices and lower switching losses compared to 
the eight-switch topology [4]. However, the higher order harmonics generated in the eight 
switch configuration due to frequent switching of semiconductor devices can be eliminated 
by the use of RC high-pass filter and switching losses occurring in the VSI can also be 
minimized by the use of DC-link voltage regulator.   
 
Fig.1.10 Three-phase four-wire Capacitor midpoint Shunt APF 
1.6 SELECTION CONSIDERATIONS OF APFs 
     Selection of the APF for a particular application is an important task for end users and 
application engineers. There are widely varying application requirements, such as single-
phase or three-phase, three-wire and four wire systems, requiring current or voltage-based 
compensation [1-65].  Table 1.3 gives brief guidelines for the proper selection of APFs suited 
to the needs of individual (Current-based compensation, voltage-based compensation and 
voltage and current based compensation) requirements. 
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Table 1.3 - Selection of APFs for Specific Application Considerations 
 
1.7 TECHNICAL AND ECONOMIC CONSIDERATIONS  
    Technical literature on the APFs has been reported since 1971 [55] and, in the last two 
decades, has boomed. Around 1990, many commercial development projects were completed 
[28, 56, 57] and put into practice. A number of configurations discussed earlier have been 
investigated, but could not be developed commercially because of cost and complexity 
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considerations. Initially reported configurations were quite general and the rating of solid-
state devices involved was substantial, which resulted in high cost. Due to these reasons, the 
technology could not be translated to field applications. Later on, the rating of active filtering 
was reduced by the introduction of supplementary passive filtering [57], without deteriorating 
the overall filter performance.  
   Moreover, modern APFs are capable of compensating quite high orders of harmonics 
(typically, the 25
th
 now a days it is up to 50
th
) dynamically. However, as high-order 
harmonics are small, they are compensated by using a passive ripple filter. This approach has 
given a boost to field applications. Another major attempt has been to separate out various 
compensation aspects of the APFs to reduce the size and cost. However, additional features 
get included on specific demand. Economic considerations were the hindrance at the initial 
stages of APF development [58], but now they are becoming affordable due to a reduction in 
the cost of the devices used. With the harmonic pollution in present-day power systems, the 
demand for the APF is increasing. Recommended standards such as IEEE-519 [59] will result 
in the increased use of APFs in the coming years. 
1.8 INTRODUCTION TO ACTIVE POWER FILTER CONTROL STRATEGIES  
       For a long time one of the main concerns related to electric equipment was power factor 
correction, which could be done by using capacitor banks or, in some cases reactors. For all 
situations, the load acted as a linear circuit drawing a sinusoidal current from a sinusoidal 
voltage source. Hence, the conventional power theory based on active, reactive and apparent 
power definitions was sufficient for design and analysis of power systems. Nevertheless, 
some papers were published in the 1920’s, showing that the concept of reactive and apparent 
power losses its usefulness in non-sinusoidal conditions [66]. Then, two important 
approaches to power definitions under non-sinusoidal conditions were introduced by 
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Budeanu [67, 68], in 1927 and Fryze [69] in 1932. Fryze defined power in the time domain, 
whereas Budeanu did it in the frequency domain. At that time, non-linear loads were 
negligible, and little attention was paid to this matter for a long time. 
      Since power Electronics (PE) was introduced in the late 1960’s, non-linear loads that 
consume non-sinusoidal current have increased significantly. In some cases, they represent a 
very high percentage of the total loads. Today, it is common to find a house without linear 
loads such as conventional incandescent lamps. In most cases these lamps have been replaced 
by electronically controlled fluorescent lamps. In industrial applications, an induction motor 
that can be considered as a linear load in a steady state is now equipped with a rectifier and 
inverter for the purpose of achieving adjustable speed control. The induction motor together 
with its drive is no longer a linear load. 
      The power theories presented by Budeanu and Fryze had basic concerns related to the 
calculation of average power or rms values of voltage and current. The development of PE 
technology has brought new conditions to power theories. Exactly speaking, the new 
conditions have not emerged from the proliferation of power converters using power semi-
conductor devices such as diodes, thyristors, IGBT’s, GTO’s, and so on. Although these 
power converters have a quick response in controlling their voltages and/or currents, they 
may draw reactive power as well as harmonic current from power networks. This has made it 
clear that conventional power theories based on average and/or rms values of voltages and/or 
currents are not applicable to the analysis and design of power converters and power 
networks. This problem has become more serious during comprehensive analysis and design 
of active filters intended for reactive power compensation as well as harmonic compensation. 
      From the end of 1960’s to the beginning of 1970’s, Erlicki and Emmanuel Eigeles [70], 
Sasaki and Machida [71], and Fukao, Iida, and Miyairi [72] published their pioneer papers 
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presenting what can be considered as a basic principle of controlled reactive power 
compensation. For instance, Erlicki and Emmanuel Eigeles [70] presented some basic ideas 
like “compensation of distortive power is unknown to date.” They also determined that “a 
non-linear resistor behaves like a reactive power generator while having no energy storage 
elements,” and presented the very first approach to active power factor control. Fukao, Iida, 
and Miyairi [72] stated that “by connecting a reactive power source in parallel with the load, 
and by controlling it in such a way as to supply reactive power to the load, the power network 
will only supply active power to the load. Therefore ideal power transmission would be 
possible.”  
       In 1976, Gyugyi and pelly [73] presented the idea that reactive power could be 
compensated by a naturally commutated cyclo-converter without energy storage elements. 
This idea was explained from a physical point of view. However, no specific mathematical 
proof was presented. In 1976, Harashima, Inaba, and Tsuboi [74] presented, probably for the 
first time, the term “instantaneous reactive power” for a single phase circuit. In that same 
year (1976), Gyugyi and strycula [75] used the term “active ac power filters” for the first 
time. A few years later, in 1981, Takahashi, Fuziwara, and Nabae published two papers [76, 
77] giving a hint of the emergence of the instantaneous power theory or “p-q theory.”  The p-
q theory in its first version was first published in the Japanese language in 1982 [78] in a 
local conference, and 1983 in Transactions of the Institute of Electrical Engineers of Japan 
by H. Akagi, Y. Kanazawa and Nabae [79]. With a minor time lag, a paper was published in 
English in an international conference in 1983 [37], showing the possibility of compensating 
for instantaneous reactive power without energy storage elements by H. Akagi, Y. Kanazawa 
and Nabae. Then, a more complete paper including experimental verifications was published 
in the IEEE Transactions on Industry Applications in 1984 [39] by H. Akagi et al.  
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      The p-q theory defines a set of instantaneous powers in the time domain. Since no 
restrictions are imposed on voltage or current behaviours, it is applicable to three-phase 
systems with or with-out neutral conductors, as well as to generic voltage and current 
waveforms. Thus it is valid not only in steady states, but also during transient states. Contrary 
to other traditional power theories treating three-phase systems as three single-phase circuits, 
the p-q theory deals with all the three phases at the same time, as a unity system. Therefore, 
this theory always considers three-phase systems together, not as a superposition or sum of 
three single phase circuits. It was defined by using the “αβ0-transformation,” also known as 
Clarke transformation [80], which consists of a real matrix that transforms three phase 
voltages and currents into αβ0-stationary reference frame currents. 
      In 1997, Vasco Soares, Pedro Verdelho and Gil D. Marques, published a paper “Active 
Power Filter Control Circuit Based on the Instantaneous Active and Reactive Current Id-Iq 
Method,” in IEEE Power Electronics Specialists Conference. Later in 2000, Vasco Soares, 
Pedro Verdelho and Gil D. Marques, published a paper “An Instantaneous Active and 
Reactive Current Component Method for Active Filters,” in IEEE Trans. Power Electronics. 
   Id-Iq control strategy is also known as synchronous reference frame (SRF) [7, 26, 43-50]. 
Here, the reference frame d-q is determined by the angle ‘θ’ with respect to the ‘α-β’ frame 
used in the p-q theory. In Id-Iq control strategy [43], only the currents magnitudes are 
transformed and the p-q formulation is only performed on the instantaneous active Id and 
reactive Iq components [49].  
1.9 MOTIVATION  
      Issue of harmonics are of a greater concern to engineers and building designers because 
harmonics can do more than distort voltage waveforms, they can overheat the building 
wiring, causes nuisance tripping, overheat transformer units, and cause random end-user 
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equipment failures. Thus power quality (PQ) has become more and more serious with each 
passing day. As a result active power filter (APF) gains much more attention due to excellent 
harmonic and reactive power compensation in single phase, three-phase with and without 
neutral ac power networks with nonlinear loads. The APF technology has been under 
research and development for providing compensation for harmonics, reactive power, and/or 
neutral current in ac networks. Current harmonics are one of the most common power quality 
problems and are usually resolved by the use of shunt active filters.  The performances of 
active filters depend on the inverter parameters, control strategies, controllers and the method 
for current reference determination. 
     To overcome the complications encountered in power systems, APF emerged as a 
significant solution. The performance of APF principally depends upon the selection of 
reference compensation current extraction method. Amongst the various APF control 
strategies, the instantaneous active and reactive power (p-q) method is most widely used. The 
p-q control strategy yields inadequate results under un-balanced and/or non-sinusoidal source 
voltage conditions. The main reason behind the notches is that the controller failed to track 
the current correctly and thereby APF fails to compensate completely. So to avoid the 
difficulties occur with p-q control strategy, we have considered Id-Iq control strategy. By 
employing Id-Iq method the THD in source current after compensation can be reduced below 
5% under both ideal and non-ideal(un-balanced and/or non-sinusoidal) supply conditions 
thereby satisfying IEEE-519 standards. 
    Even though the APF is efficient enough for load compensation, optimal performance by 
the APF is always desirable. The optimal harmonic compensation is possible by minimizing 
the undesirable losses occurring inside the APF itself. The detrimental consequences due to 
current harmonics, excessive neutral current, unbalanced source current in the power system 
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can be avoided by the use of Type-1 and Type-2 FLC based SHAF control strategies (p-q and 
Id-Iq). Even though several controllers have been proposed, most of them yield inadequate 
result under non-ideal supply conditions. The performance of APF with conventional PI 
controller is not quite satisfactory under a range of operating conditions.  
    Recently, Fuzzy logic controllers (FLCs) have received a great deal of attention for their 
applications in APFs. The advantages of Fuzzy logic controllers over conventional PI 
controllers are that they do not require an accurate mathematical model, can work with 
imprecise inputs, can handle non-linearity, and are more robust than conventional controllers. 
With the development of Type-2 FLC and their ability to handle uncertainty, utilizing Type-2 
FLC has attracted a lot of significance in recent years. The membership functions of Type-2 
Fuzzy sets are three dimensional and include a Foot point of Uncertainty, which is the new 
third dimension of Type-2 Fuzzy sets.  Hence load compensation capability of the APF can 
still be enhanced by using Type-2 Fuzzy logic controller.  
    Thus from the previous discussion it is evident that Shunt APF is one of the solution for 
improving the power quality by mitigating current harmonics. However there are scope for 
improving the performance of Shunt APF by implementing suitable current extraction 
techniques and controllers for maintaining DC link voltage constant, which is an indicator of 
the performance of the Shunt APF. These are the primary source of motivation for the present 
work. 
    The work presented here is mainly concentrated on the use of p-q and Id-Iq control 
strategies. Three types of controller’s viz. PI controller, Type-1 and Type-2 Fuzzy logic 
controllers with different Fuzzy MFs (Trapezoidal, Triangular and Gaussian) have been 
implemented and the results obtained under balanced, un-balanced and non-sinusoidal source 
are compared to evaluate the degree of compensation by the APF with different control 
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strategies. Extensive MATLAB simulation was carried out and the results validate superior 
functionality of Type-2 FLC based APF employing Id-Iq control strategy. The detailed real-
time results using Real-time digital simulator are presented to support the feasibility of 
proposed control strategies and controllers. 
1.10 DISSERTATION OBJECTIVES 
From the preceding discussion, the dissertation objectives may outline as follows: 
 To develop Shunt active filter control strategies (p-q and Id-Iq) for extracting the three-
phase reference currents and to improve the power quality of power system by 
mitigating the current harmonics and maintaining dc link voltage constant. 
 To develop PI controller, proposed Type-1 FLC and Type-2 FLC based Shunt active 
filter control strategies with different Fuzzy MFs for extracting the three-phase 
reference currents and to maintain Dc link voltage constant and to evaluate their 
performance under various source voltage conditions in MATLAB/SIMULINK 
environment. 
 To develop Hysteresis current control scheme for generation of gating signals to the 
devices of the APF. 
 To verify the PI controller, proposed Type-1 FLC and Type-2 FLC based shunt active 
filter control strategies with different Fuzzy MFs with Real-time digital simulator 
(OPAL-RT) to validate the proposed research. 
1.11 DISSERTATION STRUCTURE 
From the introduction, it can be observed that, several fundamental factors have been 
considered for the power quality improvement of power system. The importance of active 
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power filters and solid state devices are explained in detail and active power filter 
configurations, selection considerations of APFs are also presented in detail.  
    In chapter – 2, we have considered PI controller based Shunt active filter control strategies 
(p-q and Id-Iq). The Shunt active filter control strategies for extracting the three-phase 
reference currents are compared, evaluating their performance under different source voltage 
conditions using PI controller.The performance of the control strategies have been evaluated 
in terms of harmonic mitigation and DC link voltage regulation. The detailed simulation 
results using MATLAB/SIMULINK software are presented to support the feasibility of 
proposed control strategies. To validate the proposed approach, the system is also 
implemented on real-time digital simulator hardware and adequate results are reported for its 
verifications. 
      In chapter – 3, Type-1 Fuzzy logic controller (Type-1 FLC) based Shunt active filter 
control strategies with different Fuzzy MFs (Trapezoidal, Triangular and Gaussian) are 
developed for extracting the three-phase reference currents and their performances under 
different source voltage conditions are compared. The performance of the control strategies 
has been evaluated in terms of harmonic mitigation and DC link voltage regulation. The 
detailed simulation and real-time results are presented to validate the proposed research. 
    Even though, TYPE-1 FLC based shunt active filter control strategies with different Fuzzy 
MFs are able to mitigate the harmonics but notches are presented in the source current. So to 
mitigate the harmonics perfectly one has to choose perfect controller. So in chapter-4, the 
proposed Type-2 FLC based shunt active filter control strategies with different Fuzzy MFs 
(Trapezoidal, Triangular and Gaussian) are introduced. With this approach the compensation 
capabilities of SHAF are extremely good. The detailed simulation results using 
MATLAB/SIMULINK are presented to support the feasibility of proposed control strategies. 
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In Chapter-5, a specific class of digital simulator known as a real-time simulator has been 
introduced by answering the questions “what is real-time simulation,” “why is it needed” and 
“How it works”. The latest trend in real-time simulation consists of exporting simulation 
models to FPGA. The proposed TYPE-2 FLC based shunt active filter control strategies with 
different Fuzzy MFs are verified with Real-time digital simulator (OPAL-RT) to validate the 
proposed research. 
Last Chapter –6 is dedicated to summary of overall thesis and future work. The 
comparative study of PI controller, proposed Type-1 FLC and Type-2 FLC based shunt active 
filter control strategies with different Fuzzy MFs using MATLAB and Real-time digital 
simulator is also presented. 
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CHAPTER – 2 
      In the previous chapter-1, the main causes of harmonics are explained in detail. The prevalent 
difficulty with harmonics is voltage and current waveform distortion. The electronic equipment like; 
computers, battery chargers, electronic ballasts, variable frequency drives, and switching mode 
power supplies generate perilous harmonics. Issue of harmonics are of a greater concern to 
engineers and building designers because they do more than distort voltage waveforms, they can 
overheat the building wiring, causes nuisance tripping, overheat transformer units, and cause 
random end-user equipment failures. Thus power quality has become more and more serious with 
each passing day. As a result active power filter gains much more attention due to excellent 
harmonic compensation. The importance of active power filters and solid state devices are explained 
in details and active power filter (APF) configurations, selection considerations of APFs are also 
presented in details. The list of harmonics mitigation techniques is also provided in chapter-1.  
      In this chapter-2, shunt active filter control strategies (p-q and Id-Iq) for extracting the three-
phase reference currents are compared, evaluating their performance under different source voltage 
conditions (balanced, un-balanced and non-sinusoidal) using PI controller. The performance of the 
control strategies has been evaluated in terms of harmonic mitigation and DC link voltage 
regulation. The detailed simulation results using MATLAB/SIMULINK software are presented to 
support the feasibility of proposed control strategies. To validate the proposed approach, the system 
is also implemented on real-time digital simulator hardware and adequate results are reported for 
its verifications. 
     This chapter-2 is organized as follows: Section 2.1 provides the details of shunt active filter basic 
compensation principle, Section 2.2 provides the classifications of Shunt active filter control 
strategies, Section 2.3 provides introduction to DC link voltage regulation using PI controller. 
Simulation results of p-q and Id-Iq control strategies with PI controller using MATLAB/SIMULINK 
are presented in section 2.4. Real-time results of p-q and Id-Iq control strategies with PI controller 
using real-time digital simulator are presented in Section 2.5 and finally Section 2.6 states all 
concluding remarks. 
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2.1 Shunt active filter basic compensation principle 
     Shunt active filter (SHAF) [7, 9-15, 22, 24, 26, 36, 48, 50, 61] design is an important 
criterion to compensate current harmonics effectively [6-9, 12-16, 26, 47, 50, 60, 65]. 
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Fig.2.1 Basic architecture of three-phase four-wire shunt active filter 
   In brief for perfect compensation, controller must be capable to achieve the following 
requirements:  
i)  Extract and inject load harmonic currents, 
ii)  Maintain a constant dc link voltage, 
iii) Avoid absorbing or generating the reactive power with fundamental 
frequency components. 
    Fig.2.1 shows a basic architecture of three-phase four-wire shunt active filter. The active 
power filter [1-65] is controlled to supply the compensating current [30] to the load to cancel 
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out the current harmonics on AC side and reactive power flow to the source thereby making 
the source current in phase with source voltage. 
 
Fig. 2.2 Basic Compensation Principle 
C
B
A
 
Fig. 2.3 Compensation Principle of a Shunt Active power filter 
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 Fig. 2.2 and Fig. 2.3 show the basic compensation principle of the active power filter and 
it serves as an energy storage element to supply the real power difference between load and 
source during the transient period. When the load condition changes the real power balance 
between the mains and the load will be disturbed. This real power difference is to be 
compensated by the DC capacitor. This changes the DC capacitor voltage away from the 
reference voltage.  
 In order to keep satisfactory operation of the active filter [31], the peak value of the 
reference source current must be adjusted to proportionally change the real power drawn 
from the source. This real power absorbed/released by the capacitor compensates the real 
power difference between the power consumed by the load and the power supplied from the 
source [32]. If the DC capacitor voltage is recovered and attains the reference voltage, the 
real power supplied by the source is supposed to be equal to that consumed by the load 
again.  
2.2 Active Power filter control strategies 
     Control strategy [7] is the heart of the APF and is implemented in three stages. 
i) In the first stage, the essential voltage and current signals are sensed using 
potential transformers (P.Ts) and current transformers (C.Ts).  
ii) In the second stage, compensating commands in terms of current or voltage levels 
are derived based on control techniques [7, 33-50] and APF configurations.  
iii) In the third stage of control, the gating signals for the solid state devices of the APF 
are generated using PWM, hysteresis, sliding-mode, PI controller and/or Fuzzy-
logic-based controllers.  
    The control of the APF is realized using discrete analog and digital devices or advanced 
micro-electronic devices, such as single-chip microcomputers, DSP, etc. There are numerous 
published methods that describe different topologies and different algorithms used for active 
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filtering. In many of them, it usually prevails the description of a single method but there are 
publications which explain and compare couples of such methods describing their 
advantages and disadvantages by giving final indices as the dynamics, the THD reduction, 
the inverter efficiency or the cost of the entire active filter.  
2.2.1 Signal Conditioning 
     For the purpose of implementation of the control algorithm, several instantaneous voltage 
and current signals are required. These signals are also useful to monitor, measure, and 
record various performance indices, such as; total harmonic distortion (THD) [50], power 
factor, active and reactive power etc.  
     The typical voltage signals are ac terminal voltages, dc bus voltage of the APF, and 
voltages across series elements. The current signals to be sensed are load currents, supply 
currents, and compensating currents of the APF. Current signals are sensed using C.Ts. 
and/or Hall-effect current sensors. Voltage signals are sensed using either P.Ts. or Hall-
effect voltage sensors or isolation amplifiers. The voltage and current signals are sometimes 
filtered to avoid noise problems. The filters are either hardware based (analog) or software 
based (digital) with low-pass, high-pass, or band pass characteristics. 
2.2.2. Derivation of Compensating Signals  
     In an attempt to minimize the harmonic disturbances created by the non-linear loads the 
choice of the active power filters comes out to improve the filtering efficiency and to solve 
many issues existing with classical passive filters.  One of the key points for a proper 
implementation of an active filter is to use optimized techniques for current/voltage reference 
generation. There exist many implementations supported by different strategies based on  
(a) Frequency-domain harmonic detection methods  
(b) Time-domain harmonic detection methods 
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    The classification of harmonics methods can be done relative to the domain where the 
mathematical model is developed. Thus, two major directions are described here, the time 
domain and the frequency-domain methods [33-34]. Such classification is given in Table 2.1. 
The description of the methods will be provided in the subsequent sections. 
Table.2.1 Classification of Harmonic Detection methods 
 
      Development of compensating signals either in terms of voltages or currents is the 
important part of APF control [35] and affects their ratings and transient, as well as steady-
state performance. One of the most discussed software part (in the case of a DSP 
implementation) of an active filter is the harmonic detection method. In brief, it represents 
the part that has the capability of determining specific signal attributes (for instance the 
frequency, the amplitude, the phase, the time of occurrence, the duration, energy, etc.) from 
an input signal (that can be voltage, current or both) by using a special mathematical 
algorithm. Then, with the achieved information, the controller is imposed to compensate for 
the existing distortion. It can be easily seen that, if there are some errors when estimating one 
of the above attributes, the overall performance of the active filter could be seriously 
degraded in such a way that even sophisticated control algorithms cannot recover the original 
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information. Therefore, different algorithms [7, 36] emerged for the harmonic detection, 
which led to a large scientific debate on which part the focus should be put on, the detection 
accuracy, the speed, the filter stability, easy and inexpensive implementation, etc.  
2.2.2.1 Compensation in Frequency Domain 
     Control strategy in the frequency domain is based on the Fourier analysis of the distorted 
voltage or current signals to extract compensating commands [33, 34]. Using the Fourier 
transformation, the compensating harmonic components are separated from the harmonic-
polluted signals and combined to generate compensating commands. The device switching 
frequency of the APF is kept generally more than twice the highest compensating harmonic 
frequency for effective compensation. The on-line application of Fourier transform (solution 
of a set of non-linear equations) is a cumbersome computation and results in a large response 
time. 
2.2.2.2 Compensation in Time Domain  
    Control methods of the APFs in the time domain are based on instantaneous derivation of 
compensating commands in the form of either voltage or current signals from distorted and 
harmonic-polluted voltage or current signals [33-50]. There are a large number of control 
strategies in the time domain, which are known as  
(a) Instantaneous active and reactive power “p-q” control strategy,  
(b) Instantaneous active and reactive current “Id-Iq” control strategy. 
2.2.2.2.1 Instantaneous Active and Reactive Power (P-Q) Control Strategy 
      Instantaneous active and reactive power control strategy (or p-q control strategy) was 
first proposed by H. Akagi and co-authors in 1984 [37], and has since been the subject of 
various interpretations and improvements. The instantaneous active and reactive power (p-q) 
control strategy [38, 78, 79] has been widely used and is based on Clarke’s ("α-β") 
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transformation of voltage and current signals to derive compensating signals [39-40]. In Fig. 
2.4 and Fig. 2.5 the entire reference current generation with conventional p-q control 
strategy using PI controller and Fuzzy logic controller (FLC) has been illustrated. In order to 
maintain DC link voltage [41] constant, a PI controller (or FLC) is added to control the 
active power component.  
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Fig. 2.4 Reference current extraction with p-q control strategy using PI controller 
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Fig. 2.5 Reference current extraction with p-q control strategy using Fuzzy logic controller 
     The PI controller (or FLC) controls this small amount of active current and then the 
current controller regulates this current to maintain the DC link capacitor voltage [42] 
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constant. To achieve this, the DC link voltage is detected and compared with the reference 
voltage setting by control circuit and then the difference is fed to the PI or FLC. According 
to the voltage difference, the PI controller (or FLC) decides how much active current is 
needed to maintain the DC link voltage. The output of the PI controller (or FLC) is an active 
current that is the corresponding power flow needed to maintain the DC link voltage. It is 
used as a part of the reference current for the current controller, which controls the inverter 
to provide the required compensation current. 
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Fig. 2.6 Control method for Shunt current compensation based on p-q control strategy 
      The instantaneous active and reactive power can be computed in terms of transformed 
voltage and current signals. From instantaneous active and reactive powers, harmonic active 
and reactive powers are extracted using low-pass and high-pass filters. From harmonic active 
and reactive powers, using inverse "α-β" transformation [39], compensating commands in 
terms of either currents or voltages are derived. The active filter currents are achieved from 
 Chapter - 2 
 43 
the instantaneous active and reactive powers p and q of the non-linear load.      
Transformation of the phase voltages Va, Vb, and Vc and the load currents ila, ilb, and ilc into 
the α - β orthogonal coordinates using Clarke’s transformation [40] are given in equation 
(2.1-2.2) which is shown in Fig. 2.6. The compensation objectives of active power filters are 
the harmonics present in the input currents. Present architecture represents three-phase four-
wire and it is realized with constant power controls strategy [5].    
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Where C is the so called transformation matrix C  =  1  and 1 TC  =  C  
Generalized instantaneous power, p(t)   
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The p-q formulation defines the generalized instantaneous power p(t), and instantaneous 
reactive power vector q(t) in terms of the α–β-0  components as 
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Instantaneous reactive current on β-axis ‘ i
q
’ is  
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In the new coordinates system, the instantaneous power has two components: the zero-
sequence instantaneous real power ‘P0’ and the instantaneous real power due to positive and 
negative sequence components ‘ P

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Using the above equations and considering the orthogonal nature of vectors v and q ( v q 0  ) 
the reference source current in the αβ0 frame is 
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2.2.2.2.2 Instantaneous Active and Reactive Current (Id-Iq) Control Strategy 
     In Fig. 2.7, the entire reference current generation scheme has been illustrated. This 
control strategy is also known as synchronous reference frame (SRF) [7, 26, 43-50]. Here, 
the reference frame d-q is determined by the angle ‘θ’ with respect to the ‘α-β’ frame used in 
the p-q theory. In Id-Iq control strategy [43], only the currents magnitudes are transformed 
and the p-q formulation is only performed on the instantaneous active Id and reactive Iq 
components.       
 
Fig. 2.7 Control method for Shunt current compensation based on Id-Iq control strategy 
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      In the synchronous d-q reference frame [44], voltage and current signals are transformed 
to a synchronously rotating frame, in which fundamental quantities become dc quantities, 
and then the harmonic compensating commands are extracted. The dc-bus voltage feedback 
is generally used to achieve a self-supporting dc bus in voltage-fed APFs [45].  If the d axis 
has the same direction as the voltage space vector v , then the zero-sequence component of 
the current remains invariant. Therefore, the Id-Iq method can be expressed as follows: 
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Where the transformation matrix S, satisfies S  =  1  and 1 TS  =  S  
Each current component (Id, Iq) has an average value or dc component and an oscillating 
value or ac component 
i i i and i i i
ld ld ld lq lq lq
                                (2.25)
     
 
The compensating strategy [26] (for harmonic reduction and reactive power compensation) 
assumes that the source must only deliver the mean value of the direct-axis component [46] 
of the load current. The reference source current will therefore be 
i  i
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   ;  i  i 0
sqref s0ref
                                        (2.26) 
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The dc component of the above equation will be 
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Where, the subscript “dc” means the average value of the expression within the parentheses.                                                                                                                       
     Since the reference source current must be in phase with the voltage at the PCC [47] (and 
have no zero-sequence component), it will be calculated (in α-β-0 coordinate) by multiplying 
the above equation by a unit vector in the direction of the PCC voltage space vector 
(excluding the zero-sequence component): 
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     The reference signals thus obtained are compared with the actual compensating filter 
currents in a hysteresis comparator, where the actual current is forced to follow the reference 
and provides instantaneous compensation by the APF [48] on account of its easy 
implementation and quick prevail over fast current transitions. This consequently provides 
switching signals to trigger the IGBTs inside the inverter.  Ultimately, the filter provides 
necessary compensation for harmonics in the source current and reactive power unbalance in 
the system. Fig. 2.8 shows, voltage and current vectors in stationary and rotating reference 
frames. The transformation angle ‘θ’ is sensible to all voltage harmonics and unbalanced 
voltages; as a result dθ/dt may not be constant.  
 
Fig. 2.8 Instantaneous voltage and current vectors 
 
Fig. 2.9 Reference current extraction with Id-Iq control strategy with PI controller 
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    Reference currents are extracted with Id-Iq control strategy using PI and FLC, which is 
shown in Fig. 2.9 and Fig. 2.10. In order to maintain DC link voltage constant, a PI (or FLC) 
branch is added to the d-axis in d–q frame to control the active current component. The PI 
(or FLC) controls this small amount of active current and then the current controller 
regulates this current to maintain the DC link capacitor voltage [50].  
One of the advantages of this control strategy is that angle θ is calculated directly from 
main voltages and thus makes this control strategy frequency independent by avoiding the 
PLL in the control circuit. Consequently synchronizing problems with unbalanced and 
distorted conditions of main voltages are also eluded. Thus Id-Iq achieves large frequency 
operating limit essentially by the cut-off frequency of voltage source inverter (VSI) [49].  
 
Fig. 2.10 Reference current extraction with Id-Iq control strategy with Fuzzy logic controller 
2.2.3 Current Control Techniques for Derivation of Gating Signals  
     Most applications of three-phase voltage-source pulse width modulated (VS-PWM) 
converters fed ac motor drives, active power filters, high power factor ac/dc converters, un-
interruptible power supply (UPS) systems, and ac power supplies have a control structure 
comprising an internal current feedback loop. Consequently, the performance of the 
converter system largely depends on the quality of the applied current control strategy. 
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Therefore, current control of PWM converters is one of the most important subjects of 
modern power electronics. In comparison to conventional open-loop voltage PWM 
converters, the current controlled PWM (CC-PWM) [51] converters have the following 
advantages:  
 Control of instantaneous current waveform and high accuracy; 
 Peak current protection;  
 Overload rejection;  
 Extremely good dynamics; 
 Compensation of the semiconductor voltage drop and dead times of the converter; 
 Compensation of the dc-link and ac-side voltage changes. 
2.2.3.1 Generation of Gating Signals to the Devices of the APF  
     The third stage of control of the APF is to generate gating signals for the solid-state 
devices of the APF based on the derived compensating commands, in terms of voltages or 
currents. A variety of approaches, such as; hysteresis-based current control, PWM current or 
voltage control, deadbeat control, sliding mode of current control, PI controller, Fuzzy-based 
current control, Neural network-based current control, etc., can be implemented, either 
through hardware or software to obtain the control signals for the switching devices of the 
APF. Out of all these approaches we have considered, hysteresis-based current control [50- 
54], Proportional – Integral (PI) controller [7] and Fuzzy logic controller [7-11, 26, 50].  In 
Chapter – 3, Fuzzy logic controller is explained in detail.  
2.2.3.1.1 Hysteresis Current Control Scheme 
      The hysteresis band current control technique [50] is the most suitable for the 
applications of current controlled voltage source inverters in active power filters, grid 
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connected systems and IPM (interior permanent magnet) machines.  Basic requirements of a 
CC-PWM are the followings:  
 No phase and amplitude errors (ideal tracking) over a wide output frequency range 
 To provide better dynamic response of the system 
 Low harmonic content 
 Limited or constant switching frequency to guarantees APF operation of converter 
semiconductor power devices. 
                            
(a)                                                                               (b) 
   Fig. 2.11   (a) Details of voltage and current wave with hysteresis band current contorller.  
(b) Details of hysteresis band current contorller 
      The hysteresis band current control is characterized by unconditioned stability, very fast 
response, and good accuracy [50]. However, this control scheme exhibits several demerits, 
such as variable switching frequency, possible to generate resonances and difficult to design 
the passive filter system. This unpredictable switching function affects the active filter 
efficiency and reliability. It may well be that Fuzzy logic systems [7, 11-13, 26, 50, 54, 62, 
65], resolve some of the challenges which existing methods face. The hysteresis band current 
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control idea used for the control of active power filter line current is demonstrated in Fig. 
2.11 (a) and (b).  
   The actual source currents are monitored instantaneously, and then compared to the 
reference currents generated by the proposed algorithm. In order to get accurate control, 
switching of IGBT [29] device should be such that the error signal should approaches to 
zero, thus provides quick response. For this reason, hysteresis current controller with fixed 
band [51] which derives the switching signals of three phase IGBT based VSI bridge is used. 
 
Fig 2.11 (c) Typical Hysteresis Current Controller 
     Hysteresis control schemes are based on a non-linear feedback loop with two level 
hysteresis comparators (Fig. 2.11(a)). The switching signals are produced directly when the 
error exceeds an assigned tolerance band (Fig. 2.11 (b)). The controller generates the 
sinusoidal reference current of desired magnitude and frequency that is compared with the 
actual motor line current. If the current exceeds the upper limit of the hysteresis band [52], 
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the upper switch of the inverter arm is turned off and the lower switch is turned on. As a 
result, the current starts to decay. If the current crosses the lower limit of the hysteresis band, 
the lower switch of the inverter arm is turned off and the upper switch is turned on. As a 
result, the current gets back into the hysteresis band. Hence, the actual current is forced to 
track the reference current within the hysteresis band [53]. 
   The upper device and the lower device in one phase leg of VSI are switched in 
complementary manner else a dead short circuit will take place. The APF reference currents 
Isa*, Isb*, Isc* compared with the sensed source currents Isa ,Isb ,Isc and the error signals are 
operated by the hysteresis current controller to generate the firing pulses, which activate the 
inverter power switches in a manner that reduces the current error. The hysteresis band 
current controller [54] decides the switching pattern of active power filter. Fig. 2.11 (c) 
shows, the hysteresis current control modulation scheme, consisting of three hysteresis 
comparators, one for each phase. 
2.3 Introduction to DC Link Voltage Regulation 
      For regulating and maintaining the DC link capacitor voltage constant, the active power 
flowing into the active filter needs to be controlled. If the active power flowing into the filter 
can be controlled equal to the losses inside the filter, the DC link voltage [59] can be 
maintained at the desired value. The quality [60] and performance of the SHAF depend 
mainly on the method implemented to generate the compensating reference currents [61]. 
This dissertation presented two methods to get the reference current, which is the key issue 
in the control of the SHAF [62]. In order to maintain DC link voltage constant and to 
generate the compensating reference currents, we have developed the following controllers: 
1. PI Controller  
2. Fuzzy logic controller 
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(a) Type – 1 Fuzzy logic controller with different Fuzzy MFs 
(b) Type – 2 Fuzzy logic controller with different Fuzzy MFs 
2.3.1. Dc Link Voltage Regulation with PI Controller 
    Fig 2.12 shows, the internal structure of the control circuit. The control scheme consists of 
PI controller, limiter, and three phase sine wave generator for reference current generation 
and generation of switching signals. The peak value of reference currents [63] is estimated 
by regulating the DC link voltage. The actual capacitor voltage is compared with a set 
reference value. The error signal is then processed through a PI controller, which contributes 
to zero steady error in tracking the reference current signal.  
      The output of the PI controller [64] is considered as peak value of the supply current 
(Imax), which is composed of two components:  
(a) Fundamental active power component of load current, and  
(b) Loss component of APF, to maintain the average capacitor voltage to a constant value. 
 
Fig 2.12 Conventional PI Controller 
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    The peak value of the current (Imax) so obtained, is multiplied by the unit sine vectors in 
phase with the respective source voltages to obtain the reference compensating currents. 
These estimated reference currents (Isa*, Isb*, Isc*) and sensed actual currents ( Isa, Isb, Isc ) are 
compared in a hysteresis band, which gives the error signal for the modulation technique. 
This error signal decides the operation of the converter switches. In this current control 
circuit configuration, the source/supply currents Isabc are made to follow the sinusoidal 
reference current Iabc, within a fixed hysteretic band [65, 81]. The width of hysteresis 
window determines the source current pattern, its harmonic spectrum and the switching 
frequency of the devices.  
  The DC-link capacitor voltage is kept constant throughout the operating range of the 
converter. In this scheme, each phase of the converter is controlled independently. To 
increase the current of a particular phase, the lower switch of the converter associated with 
that particular phase is turned on while to decrease the current the upper switch of the 
respective converter phase is turned on. With this one can realize the potential and feasibility 
of PI controller.  
2.4. System performance of p-q and Id-Iq control strategies with PI controller 
using MATLAB/SIMULINK. 
     Fig. 2.13 and Fig. 2.14, highlights the performance of SHAF using p-q and Id-Iq control 
strategies with PI controller under balanced, un-balanced and non- sinusoidal conditions, 
using MATLAB/SIMULINK. As load is highly inductive, current draw by load is integrated 
with rich harmonics. Fig. 2.13 and Fig. 2.14, gives the details of Source Voltage, Load 
Current, Compensation current, Source Current with filter, DC Link Voltage, THD (Total 
harmonic distortion) of p-q and Id-Iq control strategies with PI controller using MATLAB 
under balanced, un-balanced and non-sinusoidal supply voltage conditions. 
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     When the supply voltages are balanced and sinusoidal, the two control strategies; 
Instantaneous Active and Reactive power (p-q) control strategy and Instantaneous Active 
and Reactive current (Id-Iq) control strategy are converging to the same compensation 
characteristics. But, when the supply voltages are distorted and/or un-balanced sinusoidal, 
these control strategies result in different degrees of compensation of harmonics. The p-q 
control strategy is unable to yield an adequate solution, when source voltages are not ideal.     
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                       (a)                                                (b)                                              (c) 
Fig. 2.13  SHAF response using p-q control strategy with PI controller using MATLAB under  
(a) Balanced Sinusoidal   (b) Un-balanced Sinusoidal and   (c) Balanced Non-Sinusoidal. 
(i)  Source Voltage    (ii) Load Current    (iii) Compensation current    (iv) Source Current with filter    
(v) DC Link Voltage   (vi) THD of Source current  
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(a)                                         (b)                                          (c) 
Fig. 2.14  SHAF response using Id-Iq control strategy with PI controller using MATLAB under 
(a) Balanced Sinusoidal   (b) Un-balanced Sinusoidal and   (c) Balanced Non-Sinusoidal. 
(i)  Source Voltage    (ii) Load Current    (iii) Compensation current    (iv) Source Current with filter    
(v) DC Link Voltage   (vi) THD of Source current  
 
The THD of p-q control strategy with PI controller under balanced, un-balanced and non-
sinusoidal conditions using MATLAB is 2.15%, 4.16% and 5.31% respectively and the 
THD of Id-Iq control strategy with PI controller is 1.97%, 3.11% and 4.93% respectively. 
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2.5 system performance of p-q and Id-Iq control strategies with PI controller using Real-
time digital simulator 
    In Chapter-5, a specific class of digital simulator known as a real-time simulator has been 
introduced by answering the questions “what is real-time simulation”, “why is it needed” and 
“How it works”. Real-time implementation of Shunt active filter model is shown in Fig. 
2.15. It consists of  
a) Host computer 
b) Target (Real-time Simulator) and  
c) Oscilloscope 
    In host computer, Edition of Simulink model; Model compilation with RT-LAB and user 
interface is done. In target system, I/O and model execution process is done and results are 
displayed in oscilloscope. In Fig. 2.15, oscilloscope displays four waveforms, first waveform 
is Load Current (or Source current before filtering); second waveform is Filter Current 
(Compensation Current); third waveform is Source current after filtering and finally 
fourth waveform is DC-Link voltage. 
 
Fig. 2.15 Real-time implementation of Shunt active filter control strategies using OPAL – RT 
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  Application fields of OPAL-RT Simulator are 
   Electrical & Power Systems 
   Aerospace & Defence 
   Automotive 
  Academic & Research 
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                       (a)                                              (b)                                                (c) 
Fig. 2.16  SHAF response using p-q control strategy with PI controller using Real-time digital 
simulator under 
(a) Balanced Sinusoidal (b)Un-balanced Sinusoidal and (c) Balanced Non-Sinusoidal. 
(i)Source Voltage (ii) Load Current (Scale 20A/div) (iii) Compensation current (Scale 20A/div) (iv) Source 
Current (Scale 30A/div) with filter (v) DC Link Voltage (vi) THD of Source current  
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                       (a)                                                 (b)                                                 (c) 
Fig. 2.17  SHAF response using Id-Iq control strategy with PI controller using Real-time digital 
simulator under 
(a) Balanced Sinusoidal (b)Un-balanced Sinusoidal and (c) Balanced Non-Sinusoidal. 
(i) Source Voltage (ii) Load Current (Scale 20A/div) (iii) Compensation current (Scale 20A/div) (iv) Source 
Current (Scale 30A/div) with filter (v) DC Link Voltage (vi) THD of Source current  
        Fig. 2.16 and Fig. 2.17, presents the details of Source Voltage, Load Current, 
Compensation current, Source Current with filter, DC Link Voltage, THD of p-q and Id-Iq 
control strategies with PI controller using Real-time digital simulator under balanced, un-
balanced and non-sinusoidal supply voltage conditions.  
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Fig. 2.18 THD of Source Current for p-q and Id-Iq control strategies with PI Controller Using         
MATLAB and Real-time digital simulator 
Table 2.2  System parameters 
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     The THDs of p-q control strategy with PI controller under balanced, un-balanced and 
non-sinusoidal conditions using Real-Time Digital Simulator are 2.21%, 4.23% and 5.41% 
respectively and the THDs of Id-Iq control strategy with PI controller are 2.04%, 3.26% and 
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5.05% respectively.  Fig. 2.18, bar graph clearly illustrates the THD of source current for 
shunt active filter control strategies (p-q and Id-Iq) with PI controller using MATLAB and 
Real-time digital simulator under various source voltage conditions.  
    While considering p-q control strategy with PI controller, SHAF is not succeeded in 
compensating harmonic currents, notches are observed in the source current. The main 
reason behind the notches is that the controller failed to track the current correctly and 
thereby APF fails to compensate completely. The PI controller is unable to mitigate the 
harmonics effectively, notches are observed in the source current. So to mitigate the 
harmonics perfectly, one has to choose perfect controller. So to avoid the difficulties occur 
with PI controller, we have considered Type-1 Fuzzy logic controller (Type-1 FLC) based 
p-q and Id-Iq control strategies with different Fuzzy MFs (Trapezoidal, Triangular and 
Gaussian MF). The System Parameters are given in Table. 2.2 
2.6 Summary  
      In this chapter, PI controller based shunt active filter control strategies (p-q and Id-Iq) are 
considered for extracting the three-phase reference currents for power quality improvement. 
Three-phase reference current waveforms generated by proposed scheme are tracked by the 
three-phase voltage source converter in a hysteresis band control scheme. The performance 
of the control strategies has been evaluated in terms of harmonic mitigation and DC link 
voltage regulation using MATLAB/SIMULINK and real-time digital simulator. 
      The mitigation of harmonics is poor, when the THD of source current is more. Under un-
balanced and non-sinusoidal conditions PI controller based shunt active filter (p-q and Id-Iq) 
control strategies are unable to mitigate harmonics completely and THD is close to 5%. But, 
according to IEEE 519-1992 standard THD must be less than 5%. So to mitigate harmonics 
effectively, we have considered Type-1 FLC based p-q and Id-Iq control strategies with 
different Fuzzy MFs (Trapezoidal, Triangular and Gaussian MF). 
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CHAPTER – 3 
       In the previous chapter-2, shunt active filter control strategies are discussed. It is concluded 
that under un-balanced and non-sinusoidal conditions PI controller is unable to mitigate the 
harmonics completely and THD is close to 5%. But, according to IEEE 519-1992 standard THD 
must be less than 5%. So to mitigate the harmonics perfectly, one has to choose perfect 
controller.  
      In this chapter, we have developed Type-1 Fuzzy logic controller (Type-1 FLC) with 
different Fuzzy MFs (trapezoidal, triangular and Gaussian). The Shunt active filter control 
strategies (p-q and Id-Iq) for extracting the three-phase reference currents are compared, 
evaluating their performance under different source voltage conditions using Type-1 FLC. The 
performance of the control strategies have been evaluated in terms of harmonic mitigation and 
DC link voltage regulation. The detailed simulation results using MATLAB/SIMULINK 
software are presented to support the feasibility of proposed control strategies. To validate the 
proposed approach, the system is also implemented on a Real-Time Digital Simulator and 
adequate results are reported for its verifications. 
      This chapter is organized as follows: Section 3.1 provides the details of Type-1 Fuzzy Logic 
Controller which includes types of Fuzzy Inference Systems, Defuzzification methods and design 
of control rules, Simulation results of Type-1 FLC based p-q and Id-Iq control strategies with 
different Fuzzy MFs using MATLAB are presented in Sections 3.2 and 3.3respectively, real-time 
results of Type-1 FLC based p-q and Id-Iq control strategies with different Fuzzy MFs using real-
time digital simulator (OPAL-RT) are presented in Sections 3.4 and 3.5respectively, Section 3.6 
provides the comparative study and finally Section 3.7 states all concluding remarks. 
3.1. Type-1 Fuzzy Logic Controller 
     The concept of Fuzzy Logic (FL) [82] was proposed by Professor Lofti Zadeh in 1965, at 
first as a way of processing data by allowing partial set membership rather than crisp 
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membership. Soon after [83-107], it was proven to be an excellent choice for many control 
system applications [84] since it mimics human control logic.  
  Fig 3.1 shows, the internal structure of the control circuit. The control scheme consists of 
Fuzzy logic controller (FLC) [85], limiter, and three phase sine wave generator for reference 
current generation and generation of signals for the switching devices of APF. The peak 
value of reference currents is estimated by regulating the DC link voltage [26]. The actual 
capacitor voltage is compared with a set reference value. The error signal is then processed 
through FLC, which contributes to zero steady error in tracking the reference current signal.  
 
Fig. 3.1 Proposed Fuzzy logic Controller 
The bock diagram [50] of Fuzzy logic controller is shown in Fig 3.2. It consists of blocks 
 Fuzzification  
 Fuzzy Inference system 
 Knowledge base 
 Defuzzification 
3.1.1. Fuzzification   
     The process of converting a numerical variable (real number) to a linguistic variable 
(Fuzzy number) is called fuzzification [86]. 
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Fig.3.2 Block Diagram of Fuzzy Logic Controller (FLC) 
   3.1.2. Fuzzy Inference Systems 
      The Fuzzy inference system (FIS) [87] is a popular computing framework based on the 
concepts of Fuzzy set theory [88], Fuzzy if-then rules and Fuzzy reasoning. It has found 
successful applications in a wide variety of fields, such as expert systems, data classification, 
decision analysis, time-series prediction, automatic control, pattern recognition and robotics. 
Because of its multi-disciplinary nature, the FIS is known by various other names, such as; 
Fuzzy rule-based system, Fuzzy expert system [89], Fuzzy model [90], Fuzzy logic 
controller [91], Fuzzy associative memory [92] and simply Fuzzy system.  
    The basic structure of a FIS consists of three components: a rule base, which contains a 
selection of rules, a data base, which defines the membership functions used in the Fuzzy 
rules and a reasoning mechanism, which performs the inference procedure upon the rules 
and given facts to derive a reasonable output. The basic FIS [93] can take either crisp inputs 
or Fuzzy singletons, but the outputs it produces are almost always fuzzy sets. Sometimes it is 
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necessary to have a crisp output, especially in a situation where a FIS is used as a controller. 
Therefore, we need a method of defuzzification to extract a crisp value that best represents a 
Fuzzy set. A FIS with a crisp output is shown in Fig. 3.3. Where the dashed line indicates a 
basic Fuzzy inference system with Fuzzy output and defuzzification [94] block serves the 
purpose of transforming an output Fuzzy set into a crisp value.  Defuzzification strategies 
[95] are explained in section 3.1.3. 
 
Fig. 3.3 Block diagram of Fuzzy Inference system  
      The Mamdani Fuzzy implication models [97] are used for evaluation of individual rules. 
There are mainly two types implication methods are used. The differences between these two 
Fuzzy inference systems lie in the consequents of their Fuzzy rules, and thus their 
aggregation and differ accordingly. 
1. Mamdani Max-min composition scheme 
2. Mamdani Max-prod composition scheme 
3.1.2.1 Mamdani Max-min composition scheme  
    The Mamdani Fuzzy inference system using Max-Min composition [50] scheme is shown 
in Fig. 3.4. In this Fig. 3.4 aggregation used is Maximum operation and implication is 
Minimum operation. 
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Fig. 3.4 The Mamdani Fuzzy inference system using Max-Min composition  
3.1.2.2.  Mamdani Max-prod composition scheme 
 
Fig. 3.5 The Mamdani Fuzzy inference system using Max-Prod composition  
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    The Mamdani Fuzzy inference system using Max-Prod composition [96] scheme is 
shown in Fig. 3.5.  In this Fig. 3.5 aggregation used is Maximum operation and implication 
is product operation. 
3.1.3. De-fuzzification:  
     The rules of FLC generate required output in a linguistic variable [97] (Fuzzy Number), 
according to real world requirements, linguistic variables have to be transformed to crisp 
output (Real number). 
 
( )A x  = defuzz(x, mf, Type)                           (3.1) 
      Where defuzz(x, mf, Type) gives a defuzzified value of a membership function (MF) 
positioned at associated variable value x using one of several defuzzification methods [98] 
according to the argument type. The variable type can be one of the followings: 
 COA  :  centroid of area, 
 BOA  :  bisector of area, 
 MOM :  mean value of maximum 
 SOM  :  smallest (absolute) value of maximum 
 LOM  :  largest (absolute) value of maximum. 
 
 
Fig.3.6 Defuzzification  
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Fig.3.7 Defuzzification methods 
    After the inference step, the overall result is a Fuzzy value. This result should be 
defuzzified to obtain a final crisp output. This is the purpose of the defuzzifier component of 
a FLC. Defuzzification [99] is performed according to the membership function of the output 
variable. For instance, assume that we have the result in Fig. 3.4 at the end of the inference. 
In this Fig. 3.6, the shaded areas all belong to the Fuzzy result. The purpose is to obtain a 
crisp value, represented with a dot in the Fig. 3.6, from this Fuzzy result. Defuzzification 
methods are shown in Fig. 3.7. 
3.1.3.1. Centroid of Area  
     Centroid defuzzification returns the centre of area under the curve [100]. Mathematically 
centroid of area (COA) can be expressed as:  
( )
( )
b x x dxa ACOA
b x dxa A





                                   (3.2) 
With a discretized universe of discourse, the expression is  
( )
1
( )
1
n
x x
A i i
iCOA
n
x
A i
i






                            (3.3) 
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3.1.3.2. Bisector of Area 
    The bisector is the vertical line that will divide the region into two sub-regions of equal 
area. It is sometimes, but not always coincident with the centroid line. Mathematically 
bisector of area (BOA) can be expressed as:  
( ) ( )
X
BOA
x dx x dx
A A
X
BOA

 

                          (3.4)        
3.1.3.3. Mean, Smallest, and Largest of Maximum 
      MOM, SOM, and LOM stand for Mean, Smallest, and Largest of Maximum respectively. 
These three methods key off the maximum value assumed by the aggregate membership 
function. If the aggregate membership function has a unique maximum, then MOM, SOM, 
and LOM [101] all take on the same value. Mathematically mean of maximum (MOM) can 
be expressed as: 
 
'
'
x dx
XX
MOM dx
X



                             (3.5) 
' * X { ; ( ) }where x x
A
    
The Fuzzy controller is characterized as follows: 
 Seven Fuzzy sets for each input and output. 
 Fuzzification using continuous universe of discourse. 
 Implication using Mamdani's 'min' operator. 
  De-fuzzification using the 'centroid' method. 
3.1.4. Design of control rules 
     In a FLC [102], a rule base is constructed to control the output variable. A Fuzzy rule is a 
simple IF-THEN rule with a condition and a conclusion. The Fuzzy control rule design 
involves defining rules that relate the input variables to the output model properties. As FLC 
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is independent of system model, the design is mainly based on the intuitive feeling for, and 
experience of the process [103]. The rules are expressed in English like language with syntax 
such as; If {error E is X and change in error ΔE is Y} then {control output is Z}.  
      For better control performance finer Fuzzy petitioned subspaces {NB (negative big), NM 
(negative medium), NS (negative small), ZE (zero), PS (positive small), PM (positive 
medium) and PB (positive big)} are used. These seven membership functions are same for 
input and output and characterized using trapezoidal, triangular and Gaussian membership 
functions [104], as can be seen in Fig 3.8, 3.9 and 3.10. 
      Fuzzy Sets [105, 106] are chosen based on the error in the dc link voltage.  We have 
considered 7x7 membership function. Readers may raise question like; Why 7x7 MF only, 
Why not 3x3 or 5x5 MF? While considering 3x3 or 5x5 MF, the SHAF is unable to maintain 
the dc link voltage constant and error voltage is developing due to voltage difference. 
Because of this error voltage, the system is unable to track the currents perfectly and THD 
also becomes high. So to avoid these difficulties we have considered 7x7 membership 
functions.  With the use of 7x7 MF, SHAF is able to maintain the DC link voltage constant, 
which is nearly equal to reference voltage and it is also tracking the currents perfectly [50]. 
3.1.4.1. Trapezoidal membership function 
      The trapezoidal curve is a function of a vector, x, and depends on four scalar parameters 
[50, 65, 98, 104] a, b, c, and d, as given by 
0  
 
( ) 1  
 c
0  
A
if x a
x a
if a x b
b a
x if b x c
d x
if x d
d c
if x d

 
 
  
 
 
   
 
  
 
  
                                                     (3.6) 
It can also be represented as ( ) max min ,1, ,0A
x a d x
x
b a d c

    
   
   
                                         (3.7) 
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    The parameters ‘a’ and ‘d’ locate the "feet" of the trapezoid and the parameters ‘b’ and ‘c’ 
locate the "shoulders." 
 
Fig. 3.8 (a)  Trapezoidal MF 
 
Fig. 3.8 (b) Input Variable Error ‘E’ Trapezoidal MF 3x3 
 
Fig. 3.8 (c) Input Change in Error Normalized Trapezoidal MF 3x3 
 
Fig. 3.8 (d) Output Imax Normalized Trapezoidal MF 3x3 
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Fig. 3.8 (e) Input Variable Error ‘E’ Trapezoidal MF 5x5 
 
Fig. 3.8 (f) Input Change in Error Normalized Trapezoidal MF 5x5 
 
Fig. 3.8 (g) Output Imax Normalized Trapezoidal MF 5x5 
 
Fig. 3.8 (h) Input Variable Error ‘E’ Trapezoidal MF 7x7 
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Fig. 3.8 (i) Input Change in Error Normalized Trapezoidal MF 7x7 
 
Fig. 3.8 (j) Output Imax Normalized Trapezoidal MF 7x7 
3.1.4.2. Triangular membership function 
      In Fig. 3.9 (a), the parameters a, b and c represent the x coordinates of the three vertices 
of µ
A
(x) in a fuzzy set ‘A’ [50] (a: lower boundary and c: upper boundary where membership 
degree is zero, b: the centre where membership degree is 1). The triangular curve is a 
function of a vector, x, and depends on three scalar parameters a, b, and c, as given by 
0  
 
( )
 
0  
A
if x a
x a
if a x b
b a
x
c x
if b x c
c b
if x c

 
 
  
 
  
  
 
  
                                                                                                     (3.8) 
It can also be represented as 
( ) max min , ,0A
x a c x
x
b a c b

    
   
   
                                                                               (3.9) 
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The parameters ‘a’ and ‘c’ locate the "feet" of the triangle and the parameter ‘b’ locates the 
peak. 
 
Fig. 3.9 (a)  Triangular MF 
 
Fig. 3.9 (b) Input Variable Error ‘E’ Triangular MF 7x7 
 
Fig. 3.9 (c) Input Change in Error Normalized Triangular MF 7x7 
 
Fig. 3.9 (d) Output Imax Normalized Triangular MF 7x7 
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3.1.4.3. Gaussian membership function 
The Gaussian [26, 50, 65, 98, 104] curve is a function of a vector, x, and depends on three scalar 
parameters c, s, and m, as given by 
1
( , , , ) exp
2
m
A
x c
x c s m

 
  
  
                                                                                                (3.10) 
Where      c: centre 
         σ: width 
                m: fuzzification factor  
( )x
A

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Fig. 3.10 (a)  Gaussian MF 
 
Fig. 3.10 (b) Input Variable Error ‘E’ Gaussian MF 7x7 
 
Fig. 3.10 (c) Input Change in Error Normalized Gaussian MF 7x7 
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Fig. 3.10 (d) Output Imax Normalized Gaussian MF 7x7 
3.1.5. Rule Base   
      The elements of this rule base [7, 26, 50, 65, 98, 104] table are determined based on the 
theory that in the transient state, large errors need coarse control, which requires coarse 
input/output variables. In the steady state, small errors need fine control, which requires fine 
input/output variables [104]. Based on this the elements of the rule table are obtained as 
shown in Table 3.1, 3.2 and 3.3 with ‘E’ and ‘E’ as inputs.  
Table 3.1  Rule base 3x3 
 
Table 3.2  Rule base 5x5 
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Table 3.3 Rule base 7x7 
 
Fig. 3.11 shows the Fuzzy inference system. It consists of 
 Fuzzy Inference System (FIS) Editor 
 Membership Function Editor 
 Rule Editor 
 Rule Viewer    and 
 Surface Viewer 
     The FIS Editor [104] handles the high-level issues for the system: How much input and 
output variables? What are their names? The Present model consists of two inputs and one 
output, named as Error, change in Error and output respectively. The Membership Function 
Editor is used to define the shapes of all the membership functions associated with each 
variable. The Rule Editor is used for editing the list of rules that defines the behaviour of the 
system. In the Present model 49 rules are developed.   
The Rule Viewer and the Surface Viewer are used for looking at, as opposed to editing, 
the FIS. They are strictly read-only tools. Used as a diagnostic, it can show which rules are 
active, or how individual membership function [26] shapes are influencing the results. The 
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Surface Viewer is used to display the dependency of one of the outputs on any one or two of 
the inputs i.e., it generates and plots an output surface map for the system. 
 
Fig. 3.11 (a)   Type-1 Fuzzy Inference System with Trapezoidal MF 7x7 
 
The FIS editor [7, 26, 50, 65, 98, 104], the membership function editor, and the rule 
editor can all read and modify the FIS data, but the rule viewer and the surface viewer do not 
modify anything in the FIS data.  
 One of the key issues in all Fuzzy sets is how to determine Fuzzy MFs. 
 The membership function fully defines the Fuzzy set. 
 A membership function provides a measure of the degree of similarity of an element 
to a Fuzzy set. 
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 Membership functions can take any form, but there are some common examples that 
appear in real applications. 
 Membership functions can either be chosen by the user arbitrarily, based on the user’s 
experience (membership function chosen by two users could be different depending 
upon their experiences, perspectives, etc.) or be designed using machine learning 
methods (e.g., artificial neural networks, genetic algorithms, etc.) 
 There are different shapes of membership functions [7, 26, 50, 65, 98, 104]; 
trapezoidal, triangular, sigmoidal, Gaussian, bell-shaped, etc. Out of all these 
approaches, we have considered trapezoidal, triangular, and Gaussian MFs. 
 
 
Fig. 3.11 (b)   Type-1 Fuzzy Inference System with Triangular MF 7x7 
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Fig. 3.11 (c) Type-1 Fuzzy Inference System with Gaussian MF 7x7 
 
3.2. System Performance of Type-1 FLC based P-Q Control Strategy with 
different Fuzzy MFs Using MATLAB. 
     Fig.3.12, Fig.3.13 and Fig.3.14, presents the details of Source Voltage, Load Current, 
Compensation current, Source Current with filter, DC Link Voltage, THD of Type-1 FLC 
based p-q control strategy with different Fuzzy MFs (trapezoidal, triangular and Gaussian) 
using MATLAB/SIMULINK under balanced, un-balanced and non-sinusoidal supply 
voltage conditions. 
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     Initially the system performance is analysed under balanced sinusoidal conditions, during 
which the Type-1 FLC with all MFs are good enough at suppressing the harmonics and THD 
is 1.87%, 1.27% and 0.76% respectively using MATLAB. However, under un-balanced and 
non-sinusoidal conditions, the Type-1 FLC with Gaussian MF shows superior performance 
over the Type-1 FLC with other two MFs. 
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Fig. 3.12 SHAF response using p-q control strategy with Type-1 FLC (Trapezoidal, Triangular 
and Gaussian MF) under balanced Sinusoidal condition using MATLAB 
(a) Source Voltage (b) Load Current (c) Compensation current using Trapezoidal MF (d) Source Current with filter 
using Trapezoidal MF (e) DC Link Voltage using Trapezoidal MF (f) Compensation current using Triangular MF (g) 
Source Current with filter using Triangular MF  (h) DC Link Voltage using Triangular MF (i) Compensation current 
using Gaussian MF (j) Source Current with filter using Gaussian MF (k) DC Link Voltage using Gaussian MF  (l) 
THD of Source current with Trapezoidal MF (m) THD of Source current with Triangular MF (n) THD of Source 
current with Gaussian MF 
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Fig. 3.13 SHAF response using p-q control strategy with Type-1 FLC (Trapezoidal, Triangular 
and Gaussian MF) under un-balanced Sinusoidal condition using MATLAB 
(a) Source Voltage (b) Load Current (c) Compensation current using Trapezoidal MF (d) Source Current 
with filter using Trapezoidal MF (e) DC Link Voltage using Trapezoidal MF (f) Compensation current 
using Triangular MF (g) Source Current with filter using Triangular MF  (h) DC Link Voltage using 
Triangular MF (i) Compensation current using Gaussian MF (j) Source Current with filter using Gaussian 
MF (k) DC Link Voltage using Gaussian MF  (l) THD of Source current with Trapezoidal MF (m) THD of 
Source current with Triangular MF (n) THD of Source current with Gaussian MF 
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Fig. 3.14   SHAF response using p-q control strategy with Type-1 FLC (Trapezoidal, 
Triangular and Gaussian MF) under Non-Sinusoidal condition using MATLAB 
(a) Source Voltage (b) Load Current (c) Compensation current using Trapezoidal MF (d) Source Current with filter using 
Trapezoidal MF (e) DC Link Voltage using Trapezoidal MF (f) Compensation current using Triangular MF (g) Source 
Current with filter using Triangular MF  (h) DC Link Voltage using Triangular MF (i) Compensation current using 
Gaussian MF (j) Source Current with filter using Gaussian MF (k) DC Link Voltage using Gaussian MF  (l) THD of 
Source current with Trapezoidal MF (m) THD of Source current with Triangular MF (n) THD of Source current with 
Gaussian MF 
 
        The THD of p-q control strategy using Type-1 FLC with Trapezoidal MF under un-
balanced condition is 3.74% and under non-sinusoidal condition it is 4.93%. The THD of p-q 
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control strategy using Type-1 FLC with Triangular MF under un-balanced condition is about 
2.98% and under non-sinusoidal condition it is about 3.85%.The THD of p-q control strategy 
using Type-1 FLC with Gaussian MF under un-balanced condition is 1.82% and under non-
sinusoidal condition it is 2.65%. 
     When the supply voltages are balanced and sinusoidal, p-q control strategy using Type-1 
FLC with all membership functions (Trapezoidal, Triangular and Gaussian) are converging 
to the similar compensation characteristics. However, under unbalanced and non-sinusoidal 
conditions, the p-q control strategy using Type-1 FLC with Gaussian MF shows superior 
performance over the Type-1 FLC with other two MFs.  
    The p-q control strategy using Type-1 FLC with different MFs is unable to mitigate the 
harmonics perfectly, notches are observed in the source current. The main reason behind the 
notches is that, the controller failed to track the current correctly, and thereby APF fails to 
compensate completely.  So to mitigate the harmonics perfectly, one has to choose perfect 
control strategy. So to avoid the difficulties occur with p-q control strategy, we have 
considered Id-Iq control strategy.  
3.3. System Performance of Type-1 FLC based Id-Iq Control Strategy with 
different Fuzzy MFs using MATLAB. 
      Fig. 3.15, 3.16 and 3.17, presents the details of Source Voltage, Load Current, 
Compensation current, Source Current with filter, DC Link Voltage, THD (Total harmonic 
distortion) of Type-1 FLC based Id-Iq control strategy with different Fuzzy MFs (trapezoidal, 
triangular and Gaussian) under balanced, un-balanced and non-sinusoidal supply voltage 
conditions. 
     Initially, the system performance is analysed under balanced sinusoidal conditions, during 
which the Type-1 FLC with all MFs are good enough at suppressing the harmonics. The 
corresponding THDs are 1.15%, 0.97% and 0.64% respectively using MATLAB. 
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Fig. 3.15 SHAF response using Id-Iq control strategy with Type-1 FLC (Trapezoidal, 
Triangular and Gaussian MF) under balanced Sinusoidal condition using MATLAB 
(a) Source Voltage (b) Load Current (c) Compensation current using Trapezoidal MF (d) Source Current 
with filter using Trapezoidal MF (e) DC Link Voltage using Trapezoidal MF (f) Compensation current 
using Triangular MF (g) Source Current with filter using Triangular MF  (h) DC Link Voltage using 
Triangular MF (i) Compensation current using Gaussian MF (j) Source Current with filter using Gaussian 
MF (k) DC Link Voltage using Gaussian MF  (l) THD of Source current with Trapezoidal MF (m) THD of 
Source current with Triangular MF (n) THD of Source current with Gaussian MF 
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Fig 3.16 SHAF response using Id-Iq control strategy with Type-1 FLC (Trapezoidal, Triangular 
and Gaussian MF) under un-balanced Sinusoidal condition using MATLAB 
(a) Source Voltage (b) Load Current (c) Compensation current using Trapezoidal MF (d) Source Current 
with filter using Trapezoidal MF (e) DC Link Voltage using Trapezoidal MF (f) Compensation current 
using Triangular MF (g) Source Current with filter using Triangular MF  (h) DC Link Voltage using 
Triangular MF (i) Compensation current using Gaussian MF (j) Source Current with filter using Gaussian 
MF (k) DC Link Voltage using Gaussian MF  (l) THD of Source current with Trapezoidal MF (m) THD of 
Source current with Triangular MF (n) THD of Source current with Gaussian MF 
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Fig. 3.17 SHAF response using Id-Iq control strategy with Type-1 FLC (Trapezoidal, 
Triangular and Gaussian MF) under Non-Sinusoidal condition using MATLAB 
(a) Source Voltage (b) Load Current (c) Compensation current using Trapezoidal MF (d) Source Current 
with filter using Trapezoidal MF (e) DC Link Voltage using Trapezoidal MF (f) Compensation current 
using Triangular MF (g) Source Current with filter using Triangular MF  (h) DC Link Voltage using 
Triangular MF (i) Compensation current using Gaussian MF (j) Source Current with filter using Gaussian 
MF (k) DC Link Voltage using Gaussian MF  (l) THD of Source current with Trapezoidal MF (m) THD of 
Source current with Triangular MF (n) THD of Source current with Gaussian MF 
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The THD of Id-Iq control strategy using Type-1 FLC with Trapezoidal MF under un-
balanced condition is 2.26% and under non-sinusoidal condition it is 3.62%.  The THD of Id-
Iq control strategy using Type-1 FLC with Triangular MF under un-balanced condition is 
1.64% and under non-sinusoidal condition it is 3.01%. The THD of Id-Iq control strategy 
using Type-1 FLC with Gaussian MF under un-balanced condition is 1.03% and under non-
sinusoidal condition it is 2.05% using MATLAB. 
3.4. System Performance of Type-1 FLC based P-Q Control Strategy with 
different Fuzzy MFs using Real-Time Digital Simulator  
      Fig. 3.18, 3.19 and 3.20, highlights the performance of Type-1 FLC based p-q control 
strategy with different Fuzzy MFs under balanced, un-balanced and Non- Sinusoidal 
conditions using Real-Time Digital Simulator. 
      Initially, the system performance is analysed under balanced sinusoidal conditions, 
during which the Type-1 FLC with all MFs are good enough at suppressing the harmonics 
and the THD of p-q control strategy using real-time digital simulator  is 2.12%, 1.45% and 
1.23%. However, under unbalanced and non-sinusoidal conditions, the Type-1 FLC with 
Gaussian MF shows superior performance over the Type-1 FLC with other two MFs. 
      The THD of the Type-1 FLC with Trapezoidal MF under un-balanced condition is 3.98% 
and under non-sinusoidal condition it is 5.23%. The THD of the Type-1 FLC with Triangular 
MF under un-balanced condition is about 3.27% and under non-sinusoidal condition it is 
4.15%. The THD of the Type-1 FLC with Gaussian MF under un-balanced condition is 
2.26% and under non-sinusoidal condition it is 2.89% using p-q strategy with real-time 
digital simulator. 
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Fig. 3.18   SHAF response using p-q control strategy with Type-1 FLC (Trapezoidal, Triangular 
and Gaussian MF) under balanced Sinusoidal condition using real-time digital simulator 
(a)Source Voltage (b)Load Current (Scale 20A/div) (c)Compensation current (Scale 20A/div)  using Trapezoidal MF 
(d)Source Current (Scale 30A/div)  with filter using Trapezoidal MF (e)DC Link Voltage using Trapezoidal MF 
(f)Compensation current using Triangular MF (g)Source Current with filter using Triangular MF (h)DC Link Voltage 
using Triangular MF(i)Compensation current using Gaussian MF (j)Source Current with filter using Gaussian MF 
(k)DC Link Voltage using Gaussian MF (l)THD of Source current with Trapezoidal MF (m)THD of Source current 
with Triangular MF (n)THD of Source current with Gaussian MF 
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Fig. 3.19 SHAF response using p-q control strategy with Type-1 FLC under un-balanced 
Sinusoidal condition using real-time digital simulator 
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Fig. 3.20 SHAF response using p-q control strategy with Type-1 FLC (Trapezoidal, Triangular and 
Gaussian MF) under Non-Sinusoidal condition using real-time digital simulator 
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3.5. System Performance of Type-1 FLC based Id-Iq Control Strategy with 
different Fuzzy MFs using Real-Time Digital Simulator 
 
Fig. 3.21   SHAF response using Id-Iq control strategy with Type-1 FLC (Trapezoidal, Triangular 
and Gaussian MF) under balanced Sinusoidal condition using real-time digital simulator 
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Fig. 3.22 SHAF response using Id-Iq control strategy with Type-1 FLC (Trapezoidal, Triangular 
and Gaussian MF) under un-balanced Sinusoidal condition using real-time digital simulator 
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Fig. 3.23  SHAF response using Id-Iq control strategy with Type-1 FLC (Trapezoidal, Triangular 
and Gaussian MF) under Non-Sinusoidal condition using real-time digital simulator 
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     Fig. 3.21, 3.22 and 3.23; highlights the performance of Type-1 FLC based Id-Iq control 
strategy with different Fuzzy MFs under balanced, un-balanced and Non- Sinusoidal 
conditions using real-time digital simulator.  
  Initially, the system performance is analysed under balanced sinusoidal conditions, 
during which the Type-1 FLC with all MFs (Trapezoidal, Triangular and Gaussian) are good 
enough at suppressing the harmonics. The respective THDs of Type-1 FLC based Id-Iq 
control strategy in real-time digital simulator are 1.46%, 1.26% and 0.93%. 
    The THD of the Type-1 FLC with Trapezoidal MF under un-balanced condition is 2.78% 
and under non-sinusoidal condition it is 4.07%. The THD of the Type-1 FLC with Triangular 
MF under un-balanced condition is 1.94% and under non-sinusoidal condition it is 3.54%. 
The THD of the Type-1 FLC with Gaussian MF under unbalanced condition is 1.57% and 
under non-sinusoidal condition it is 2.53% with Id-Iq control strategy using real-time digital 
simulator.   
      Id-Iq control strategy using Type-1 FLC with different Fuzzy MFs, the SHAF is able to 
mitigate harmonics in a better way than that of p-q control strategy using Type-1 FLC with 
different Fuzzy MFs. Even though, the Id-Iq control strategy using Type-1 FLC is able to 
mitigate the harmonics, notches (small amount of harmonics) are present in the source 
current. So to mitigate the harmonics perfectly, one has to choose perfect controller. So to 
avoid the difficulties occur with p-q and Id-Iq control strategies using Type-1 FLC with 
different Fuzzy MFs, we have considered Type-2 FLC with different Fuzzy MFs. In chapter-
4, Type-2 FLC with different Fuzzy MFs. is explained in detail. 
3.6. Comparative Study 
    Fig. 3.24, Fig. 3.25, Fig. 3.26 and Fig. 3.27; bar graphs, clearly illustrates the THD of 
source current for shunt active filter control strategies (p-q and Id-Iq) using PI controller and 
Type-1 FLC with different Fuzzy MFs using MATLAB and real-time digital simulator. 
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Fig. 3.24.  THD of Source Current for p-q method using PI controller and Type-1 FLC  
with different Fuzzy MFs using MATLAB 
 
Fig. 3.25. THD of Source Current for Id-Iq method using PI controller and Type-1 FLC  
with different Fuzzy MFs using MATLAB 
 
Fig. 3.26. THD of Source Current for p-q method using PI controller and Type-1 FLC  
with different Fuzzy MFs using real-time digital simulator 
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Fig. 3.27. THD of Source Current for Id-Iq method using PI controller and Type-1 FLC with different Fuzzy MFs 
using real-time digital simulator 
 
Fig. 3.28. The amount of THD reduced for PI controller and Type-1 FLC with different Fuzzy MFs 
using p-q control strategy with MATLAB 
 
Fig. 3.29. The amount of THD reduced for PI controller and Type-1 FLC with different Fuzzy MFs  
using Id-Iq control strategy with MATLAB 
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Fig. 3.30. The amount of THD reduced for PI controller and Type-1 FLC with different Fuzzy 
MFs using p-q control strategy with real-time digital simulator 
 
Fig. 3.31. The amount of THD reduced for PI controller and Type-1 FLC with different Fuzzy 
MFs using Id-Iq control strategy with real-time digital simulator 
 
   Fig. 3.28, Fig. 3.29, Fig. 3.30 and Fig. 3.31; line graphs, clearly illustrates the amount of 
THD of source current reduced from one controller to other controller for shunt active filter 
control strategies (p-q and Id-Iq) under various source conditions (balanced, unbalanced and 
non-sinusoidal) ) using MATLAB and real-time digital simulator.  
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3.7. Summary 
In the present chapter, Type-1 FLC with different Fuzzy MFs (Trapezoidal, Triangular 
and Gaussian) are developed to improve the power quality of shunt active filter control 
strategies (p-q and Id-Iq) by mitigating the current harmonics. The control scheme using three 
independent hysteresis current controllers have been implemented. The simulation results are 
validated with real-time implementation on real-time digital simulator.  
The Real-time implementation and simulation results demonstrate that, even if the supply 
voltage is non-sinusoidal, the performance of Type-1 FLC based Id-Iq theory with Gaussian 
MF showing better compensation capabilities in terms of THD compared to Id-Iq control 
strategy with PI, and Type-1 FLC with Trapezoidal and Triangular MF and also p-q theory 
with PI, and Type-1 FLC with all MFs. 
The control approach has compensated the neutral harmonic currents and the dc bus 
voltage of SHAF is almost maintained at the reference value under all disturbances, which 
confirm the effectiveness of the controller. While considering the Id-Iq control strategy using 
FLC with Gaussian MF, the SHAF has been found to meet the IEEE 519-1992 standard 
recommendations on harmonic levels, making it easily adaptable to more severe constraints, 
such as highly distorted and/or un-balanced supply voltage.    
     Id-Iq control strategy using Type-1 FLC with different Fuzzy MFs, the SHAF is able to 
mitigate current harmonics in a better way than that of p-q control strategy using Type-1 FLC 
with different Fuzzy MFs. Even though, Type-1 FLC based Id-Iq control strategy with 
different Fuzzy MFs is able to mitigate the current harmonics, but notches (small amount of 
harmonics) are present in the source current. So to mitigate the current harmonics perfectly, 
one has to choose appropriate controller. Hence to avoid the difficulties occur with Type-1 
FLC based p-q and Id-Iq control strategies using different Fuzzy MFs, we have considered 
Type-2 FLC based p-q and Id-Iq control strategies with different Fuzzy MFs.   
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CHAPTER - 4 
      In the previous chapter-3, Type-1 FLC based shunt active filter control strategies with 
different Fuzzy MFs are discussed. Simulation and real-time results are also presented. Even 
though, Type-1 FLC based shunt active filter control strategies with different Fuzzy MFs are 
able to mitigate the harmonics, notches are present in the source current. So to mitigate the 
harmonics perfectly, one has to choose perfect controller. In this chapter-4, the proposed 
Type-2 FLC based shunt active filter control strategies with different Fuzzy MFs are 
introduced. The detailed simulation results using MATLAB/SIMULINK software are 
presented to support the feasibility of the proposed control strategies. With this approach, 
the compensation capabilities of SHAF are extremely good. 
     This chapter is organized as follows: Section 4.1 introduces the advantages of using 
Type-2 FLC, Section 4.2 presents the detailed structure of Type-2 FLC, Section 4.3 presents 
the details of Type-2 Fuzzy inference system with different Fuzzy MFs, Simulation results of 
Type-2 FLC based p-q control strategy with different Fuzzy MFs using MATLAB are 
presented in Section 4.4, Simulation results of Type-2 FLC based Id-Iq control strategy with 
different Fuzzy MFs using MATLAB is presented in Section 4.5, Section 4.6 provides the 
comparative study and finally Section 4.7 states all concluding remarks. 
4.1 Introduction to Type-2 FLC 
   The concept of Fuzzy systems was introduced by Lotfi Zadeh in 1965 to process data and 
information affected by non-probabilistic uncertainty/imprecision [82]. Soon after, it was 
proven to be an excellent choice for many applications, since it mimics human control logic. 
These were designed to represent mathematically the vagueness and uncertainty of linguistic 
problems [84], thereby obtaining formal tools to work with intrinsic imprecision in different 
type of problems. It is considered as a generalization of the classic set theory [85]. Intelligent 
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systems based on Fuzzy logic controller are fundamental tools for nonlinear complex system 
modelling [108].  
   The advantages of Fuzzy logic controllers [7, 26, 50, 65, 98, 104] over conventional (PI) 
controllers are that they do not require an accurate mathematical model, can work with 
imprecise inputs, can handle non-linearity and are more robust than conventional PI 
controllers.  
    With the development of Type 2 FLCs [105] and their ability to handle uncertainty [109], 
utilizing Type-2 FLC has attracted a lot of significance in recent years. It is an extension 
[110] of the concept of well-known Type-1 Fuzzy sets. A Type-2 Fuzzy set is characterized 
by a Fuzzy membership function i.e. the membership grade for each element is also a Fuzzy 
set in [0, 1], unlike a Type-1 Fuzzy set, where the membership grade is a crisp number in [0, 
1].The membership functions of Type-2 Fuzzy sets are three dimensional and include a foot 
point of Uncertainty (FOU) [107-113], which is the new third dimension of Type-2 Fuzzy 
sets. The foot point of uncertainty provides an additional degree of freedom to handle 
uncertainties. 
      Type-2 Fuzzy sets [114] are used for modelling uncertainty and imprecision in a better 
way. The concept of Type-2 Fuzzy sets was first proposed by Lofti Zadeh in 1975 and is 
essentially “Fuzzy- Fuzzy” [115] sets where the Fuzzy degree of membership is a Type-1 
Fuzzy set. The new concepts were introduced by Mendel [117-122] and Liang [118, 122] 
allowing the characterization of a Type-2 Fuzzy set with a superior membership function and 
an inferior membership function, these two functions can be represented each one by a Type-
1 Fuzzy set membership function.  
     There are different sources of uncertainty [123] in the evaluation process. The five types 
of uncertainty that emerge from the imprecise knowledge natural state are: 
 Measurement uncertainty - It is the error on observed quantities. 
  
Chapter - 4 104 
 Process uncertainty - It is the dynamic randomness. 
 Model uncertainty - It is the wrong specification of the model structure. 
  Estimate uncertainty - It is the one that can appear from any of the previous 
uncertainties or a combination of them, and it is called inexactness and imprecision. 
 Implementation uncertainty - It is the consequence of the variability that results from 
sorting politics, i.e. incapacity to reach the exact strategic objective. 
4.1.1 Why Type-2 FLCs? 
    Using Type-2 Fuzzy sets to represent the inputs/outputs of a FLC has many advantages 
when compared to the Type-1 Fuzzy sets.  As the Type-2 Fuzzy sets membership functions 
are Fuzzy and contain a FOU, they can model and handle the linguistic [125] and numerical 
uncertainties associated with the inputs and outputs of the FLC [125].  Using Type-2 Fuzzy 
sets to represent the FLC inputs and outputs will result in the reduction of the FLC rule base 
when compared to using Type-1 Fuzzy sets [126].  This is because the uncertainty 
represented in the FOU in Type-2 Fuzzy sets allows us to cover the same range as Type-1 
Fuzzy sets with a smaller number of labels.  
    It has been recently shown that the extra degrees of freedom provided by the FOU enables 
a Type-2 FLC to produce outputs that cannot be achieved by Type-1 FLCs [127] with the 
same number of membership functions [128]. Where a Type-2 Fuzzy set may give rise to an 
equivalent Type-1 membership grade [129] that is negative or larger than unity. Each input 
and output will be represented by a large number of Type-1 Fuzzy sets, which are embedded 
in the Type-2 Fuzzy sets [130].  The use of such a large number of Type-1 Fuzzy sets to 
describe the input and output variables allows for a detailed description of the analytical 
control surface as the addition of the extra levels of classification give a much smoother 
control surface and response. In addition, the Type-2 FLC can be thought of as a collection 
of many different embedded Type-1 FLCs.  
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4.2 The Structure of Type-2 FLC 
   From Fig. 4.2, it can be seen that the structure of a Type-2 FLC [131, 132] is very similar 
to the structure of a Type-1 FLC (Fig.4.1) and the only difference exists in the output 
processing block. For a Type-1 FLC [104, 132], the output processing block only contains a 
defuzzifier, but for a Type-2 FLC, the output processing block includes Type-reducer [104]. 
 
Fig. 4.1 The architecture of Type-1 FLC 
 
Fig. 4.2 The architecture of Type-2 FLC 
   Fuzzy logic theory [133] is based on the computation with Fuzzy sets. While Type-1 Fuzzy 
sets allow for a Fuzzy representation of a term to be made, the fact that the membership 
function of a Type-1 set is crisp means that the degrees of membership set are completely 
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crisp – not Fuzzy.  In a Type-1 Fuzzy set (Fig. 4.3(a)) the membership grade [134] for each 
element is a crisp number in [0, 1]. A Type-2 Fuzzy (Fig. 4.3(b)) set is characterised by a 
three dimensional membership function and a Foot point of uncertainty (FOU).  
 
Fig. 4.3 Membership Function (a) Type-1 FLC and (b) Type-2 FLC 
     In the design of Type-2 FLC [135], the same configuration as that of Type-1 FLC is 
chosen. There are two-input, single-output and each input/output variable has same seven 
linguistic variables which are defined in Fig. 4.3(b). In this thesis Mamdani Fuzzy Inference 
system is used. Operation on Type-2 Fuzzy set is identical with an operation on Type-1 
Fuzzy set. However, on Type-2 Fuzzy system, Fuzzy operation [136] is done at two Type-1 
membership function [137] which limits the FOU, LMF (lower membership function) and 
UMF (upper membership function) to produce firing strengths. Hence, the membership value 
(or membership grade); for each element of this set is a Fuzzy set in [0, 1]. 
   A Type-2 Fuzzy set [138] is bounded from below by a Lower Membership Function. The 
Type-2 Fuzzy set is bounded from above by an Upper Membership Function. The area 
between the lower membership function and the upper membership is entitled the Footprint 
of Uncertainty (FOU) [139]. The new third-dimension of Type-2 Fuzzy sets and the footprint 
of uncertainty provide additional degrees of freedom that make it possible to directly model 
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and handle uncertainties. Hence, Type-2 FLCs that use Type-2 Fuzzy sets in either their 
inputs or outputs have the potential to provide a suitable framework to handle the 
uncertainties in real world environments. It is worth noting that a Type-2 Fuzzy set embeds a 
huge number of Type-1 Fuzzy sets [140]. A is a Type-1 Fuzzy set [141] and the membership 
grade [142] of x X  in A is  A x , which is a crisp number in [0, 1]; a Type-2 Fuzzy set 
in X is 

 and the membership grade of x X in 

 is  x



, which is a Type-1 Fuzzy set 
in [0, 1].  
A Type-2 Fuzzy set, denoted 

, is characterized by a Type-2 MF  x,uA

, where x X  
and u J [0,1]
x
  , i.e., 
   A x,u , x,u x X , u J [0,1]
x


 
   
       
  
   
                                                  (4.1)  
In which  0 x,u 1



   


 can also be expressed as    x,u / x,u J [0,1]x
x X u J
x
 


  
 
        (4.2)   
Where  denotes union over all admissible x and u. For discrete universe of discourse 
 is replaced by . 


 can be re-expressed as  x, x x X

 

   
    
   
                                (4.3)   
   x / x f u / u / x J [0,1]
x x
x X x X u J
x
 

 
  
     
   
 
                      (4.4)   
If X and J
x  
are both discrete then   f u / u / xxx X u J
x

 
 
      
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 
N
f u / u /
x x
i ii 1 u J
x
i

 
 
   
  
 
 
                                                                                  (4.5) 
   
 
M M
1 2
f u / u / f u / u / .............
x 1k 1k x x 2k 2k x
K 1 u J 1 1 K 2 u J 2 2
x x
1 2
M
N
f u / u /
x Nk Nk x
K 1 u J N N
x
N

   
   
    
        
      
   
   
 
 
 
   
  
 
 
(4.6)      
     The discretization [29] along each 
iku  does not have to be the same, which is why we have 
shown a different upper sum for each of the bracketed terms. If, however, the discretization 
along each 
iku  is the same, then 1 2 NM M ....... M M    . Uncertainty in the primary 
memberships of a Type-2 Fuzzy set 

 consists of a bounded region that we call the footprint 
of uncertainty [143] (FOU).  It is the union of all primary memberships, i.e., 
FOU U J
xx X

 
  
   
                            (4.7)      
4.3 Type-2 Fuzzy inference system with different Fuzzy MFs 
  Fig. 4.4 shows the Type-2 FLS [104, 132] with different MFs. It consists of 
 Type 2 Fuzzy Inference System (Type-2 FIS) Editor 
 Type 2 Fuzzy Membership Function Editor 
 Type 2 Fuzzy Rule Editor 
 Type 2 Fuzzy Rule Viewer     
 Type 2 Fuzzy Surface Viewer  and 
 Type 2 Fuzzy reduced surface viewer 
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    Fig.4.4 (a), Fig.4.4 (b) and Fig.4.4 (c) show the Type-2 FIS implementation with different 
Fuzzy MFs using MATLAB. In this FIS we have designed [104, 132]  
 No. of inputs and outputs - (Dual input and single output),  
 No. of rules - (49 rules),  
 Type of membership function - (Trapezoidal, Triangular and Gaussian),  
 No. of membership functions - (seven)  
 Type of implication - (Mamdani Max-Min Operation) 
 Type of defuzzification method - (centroid of area method) 
 
 
Fig. 4.4(a) Type-2 Fuzzy Inference System with Trapezoidal MF 7x7 
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The Type-2 FIS [104] Editor handles the high-level issues for the system. How many 
input and output variables? What are their names? The Type-2 FIS doesn’t limit the number 
of inputs. However, the number of inputs may be limited by the available memory of the PC 
(personal computer). If the number of inputs is too large, or the number of Type-2 
membership functions [38] is too big, then it may also be difficult to analyse the Type-2 FIS 
using the other GUI tools. The Type-2 Membership Function Editor is used to define the 
shapes of all the Type-2 Membership functions associated with each variable. The Type-2 
Rule Editor is for editing the list of rules that defines the behaviour of the systems. 
 
 
Fig. 4.4(b) Type-2 Fuzzy Inference System with Triangular MF 7x7 
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Fig. 4.4(c) Type-2 Fuzzy Inference System with Gaussian MF 7x7 
 
 
 
The Type-2 Rule Viewer and the Surface Viewer or Type-reduced Surface Viewer used 
for looking at, as opposed to editing the Type-2 FIS [132]. They are strictly read-only tools.  
The Type-2 Rule Viewer is a MATLAB based display of the Type-2 Fuzzy inference 
diagram shown in Fig. 4.4. Used as a diagnostic, it can show which rules are active, or how 
individual Type-2 Membership Function shapes are influencing the results. The Surface 
viewer is used to display the dependency of one of the outputs on any one or two of the 
inputs i.e., it generates and plots an output surface map for the system. 
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4.4 System Performance of Type-2 FLC based P-Q Control Strategy with different 
Fuzzy MFs using MATLAB 
       Fig. 4.5, Fig. 4.6 and Fig. 4.7 gives the details of Source Voltage, Load Current, 
Compensation current, Source Current with filter, DC Link Voltage, THD (Total harmonic 
distortion) of Type-2 FLC based p-q control strategy with different Fuzzy MFs using 
MATLAB under balanced, un-balanced and non-sinusoidal supply voltage conditions.  
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   (a)                                         (b)                                          (c) 
Fig. 4.5 SHAF response using p-q control strategy with Type-2 FLC under balanced Sinusoidal 
condition using MATLAB 
(a) Trapezoidal MF    (b) Triangular MF    and   (c) Gaussian MF 
(i)  Source Voltage    (ii) Load Current    (iii) Compensation current    (iv) Source Current with filter   (v) 
DC Link Voltage   (vi) THD of Source current  
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(a)                                         (b)                                           (c) 
Fig. 4.6 SHAF response using p-q control strategy with Type-2 FLC under un-balanced 
Sinusoidal condition using MATLAB 
 
  Initially, the system performance is analysed under balanced sinusoidal conditions, 
during which it is observed that, the Type-2 FLC with all MFs are good enough at 
suppressing the harmonics. The respective THDs of SHAF using p-q control strategy in 
MATLAB is 0.93%, 0.78% and 0.45%. The THD of the p-q control strategy using Type-2 
FLC with Trapezoidal MF under un-balanced condition is 1.86% and under non-sinusoidal 
condition it is 2.95%. The THD of the p-q control strategy using Type-2 FLC with 
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Triangular MF under unbalanced condition is 1.53% and under non-sinusoidal condition it is 
2.66%. The THD of the p-q control strategy using Type-2 FLC with Gaussian MF under 
unbalanced condition is 0.85% and under non-sinusoidal condition it is 1.29%. These 
simulations results are obtained using MATLAB.  
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    (a)                                          (b)                                           (c) 
Fig. 4.7  SHAF response using p-q control strategy with Type-2 FLC under Non-Sinusoidal 
condition using MATLAB 
(a) Trapezoidal MF   (b) Triangular MF and   (c) Gaussian MF. 
 (i)  Source Voltage    (ii) Load Current    (iii) Compensation current    (iv) Source Current with filter   (v) 
DC Link Voltage   (vi) THD of Source current  
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While considering p-q control strategy using Type-2 FLC with trapezoidal MF, SHAF is 
succeeded in compensating harmonic currents, but notches are observed in the source 
current. The main reason behind the notches is that the controller failed to track the current 
correctly and thereby SHAF fails to compensate completely. It is observed that, source 
current waveform is somewhat better; notches in the waveform are eliminated by using p-q 
control strategy with Type-2 FLC triangular MF. By using p-q control strategy with Type-2 
FLC Gaussian MF, the source current waveform is improved in quality and notches in the 
waveform are minimized. 
    Even though, the p-q control strategy using Type-2 FLC with different Fuzzy MFs is able 
to mitigate the harmonics, notches are observed in the source current. So to mitigate the 
harmonics perfectly, one has to choose perfect method. To avoid the difficulties occur with 
p-q control strategy, we have considered Type-2 FLC based Id-Iq control strategy.  
4.5 System Performance of Type-2 FLC based Id-Iq Control Strategy with different 
Fuzzy MFs using MATLAB 
       Fig. 4.8, Fig. 4.9 and Fig. 4.10 give the details of Source Voltage, Load Current, 
compensation current, Source Current with filter, DC Link Voltage, THD (Total harmonic 
distortion) of Type-2 FLC based Id-Iq control strategy with different Fuzzy MFs using 
MATLAB under balanced, un-balanced and non-sinusoidal supply voltage conditions.   
     Initially the system performance is analysed under balanced sinusoidal conditions, 
during which the Type-2 FLC with all MFs are good enough at suppressing the harmonics. 
The respective THDs of SHAF in MATLAB are 0.48%, 0.35% and 0.27%.    The THD of 
the Id-Iq control strategy using Type-2 FLC with Trapezoidal MF under un-balanced 
condition is 1.23% and under non-sinusoidal condition it is 2.46%. The THD of the Id-Iq 
control strategy using Type-2 FLC with Triangular MF under unbalanced condition is 0.96% 
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and under non-sinusoidal condition it is 1.83%. The THD of the Id-Iq control strategy using 
Type-2 FLC with Gaussian MF under unbalanced condition is 0.66% and under non-
sinusoidal condition it is 1.44%. The simulations are performed using MATLAB.  
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(a)                                                 (b)                                                    (c) 
Fig. 4.8  SHAF response using Id-Iq control strategy with Type-2 FLC under balanced 
Sinusoidal condition using MATLAB 
(a) Trapezoidal MF   (b) Triangular MF and   (c) Gaussian MF. 
 (i)  Source Voltage    (ii) Load Current    (iii) Compensation current    (iv) Source Current with filter   (v) 
DC Link Voltage   (vi) THD of Source current  
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Id-Iq Un-Bal  with IT2FLC Gaussian M.F
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(a)                                                 (b)                                                    (c) 
Fig. 4.9  SHAF response using Id-Iq control strategy with Type-2 FLC under Un-balanced 
Sinusoidal condition using MATLAB 
 
   When the supply voltages are balanced and sinusoidal, Id-Iq control strategy using Type-2 
 FLC, with all membership functions (Trapezoidal, Triangular and Gaussian), are converging 
to the same compensation characteristics. However, under unbalanced and non-sinusoidal 
conditions, the Id-Iq control strategy using Type-2 FLC with Gaussian MF shows superior 
performance over the TYPE-2 FLC with other two MFs.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
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(a)                                                 (b)                                                    (c) 
Fig. 4.10   SHAF response using Id-Iq control strategy with Type-2 FLC under Non-Sinusoidal 
condition using MATLAB 
(b) Trapezoidal MF   (b) Triangular MF and   (c) Gaussian MF. 
 (i)  Source Voltage    (ii) Load Current    (iii) Compensation current    (iv) Source Current with filter   (v) 
DC Link Voltage   (vi) THD of Source current  
 
    While considering Id-Iq control strategy using Type-2 FLC with different Fuzzy MFs, 
SHAF is succeeded in compensating harmonic currents. It is observed that, quality of source 
current waveforms is extremely good and notches in the waveform are eliminated.  
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4.6   Comparative Study 
      Fig. 4.11 and Fig. 4.12 (bar graphs),  illustrate the THD of source current for p-q and 
Id-Iq control strategies using PI controller, Type-1 FLC and Type-2 FLC with different Fuzzy 
MFs under various source voltage conditions (balanced, unbalanced and non-sinusoidal) 
respectively.  
   
Fig. 4.11 The Bar Graph indicating the THD of Source Current for p-q control strategy using PI 
controller, Type-1 FLC and Type-2 FLC with different Fuzzy MFs using MATLAB 
 
Fig. 4.12 The Bar Graph indicating the THD of Source Current for Id-Iq control strategy using PI 
controller, Type-1 FLC and Type-2 FLC with different Fuzzy MFs using MATLAB 
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4.7   Summary 
  In this chapter Type-2 FLC based shunt active filter control strategies (p-q and Id-Iq) 
with different Fuzzy MFs are developed to improve the power quality by mitigating the 
harmonics. The control scheme using three independent hysteresis current controllers have 
been implemented. The performance of the control strategies has been evaluated, in terms of 
harmonic mitigation and DC link voltage regulation. The proposed SHAF with different 
Fuzzy MFs (Trapezoidal, Triangular and Gaussian) is able to eliminate the uncertainty in the 
system and SHAF gains outstanding compensation abilities. The detailed simulation results 
using MATLAB/SIMULINK software are presented to support the feasibility of proposed 
control strategies.  
The simulation results showed that, even if the supply voltage is non-sinusoidal the 
performance of Type-2 FLC based Id-Iq control strategy with Gaussian MF showing better 
compensation capabilities in terms of THD compared to Id-Iq theory with PI, Type-1 FLC 
with all MFs, and Type-2 FLC with Trapezoidal and Triangular MFs and also p-q theory 
with PI, Type-1 FLC and Type-2 FLC with all MFs. While considering Id-Iq control strategy 
using Type-2 FLC with different Fuzzy MFs, SHAF is succeeded in compensating harmonic 
currents. It is observed that, quality of source current waveforms is extremely good and 
notches in the waveform are also eliminated.  
The control approach has compensated the neutral harmonic currents and the dc bus 
voltage of SHAF is almost maintained at the reference value under all disturbances, which 
confirm the effectiveness of the controller. While considering the Id-Iq control strategy using 
Type-1 FLC and Type-2 FLC and the p-q control strategy with Type-2 FLC, the SHAF has 
been found to meet the IEEE 519-1992 standard recommendations on harmonic levels, 
making it easily adaptable to more severe constraints such as highly distorted and/or 
unbalanced supply voltage.    
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CHAPTER - 5 
     In the previous chapter, proposed Type-2 Fuzzy logic controller is discussed and 
simulation results are also presented. It is concluded that proposed Type-2 FLC based shunt 
active filter control strategies are suitable for mitigation of harmonics presented in the 
system even if the supply voltage is non-sinusoidal and/or distorted. So in this chapter, the 
proposed Type-2 FLC based shunt active filter control strategies are verified with Real-time 
digital simulator (OPAL-RT) to validate the proposed research.  
    This chapter is organized as follows: Section 5.1 introduces the role and advantages of 
using real-time simulation by answering three fundamental questions; what is real-time 
simulation? Why is it needed and how it works? Section 5.2 provides the details of Evolution 
of  Real-Time Simulators, Section 5.3 provides the details of  RT-Lab Simulator Architecture, 
Section 5.4 provides the details of  how  RT-LAB  Works,  Section 5.5 provides the details of 
OP5142 configuration. Real-time results of Type-2 FLC based p-q and Id-Iq control strategies 
with different Fuzzy MFs using real-time digital simulator (OPAL-RT) are presented in 
sections 5.6 and 5.7. Section 5.8 provides the comparative study and finally Section 5.9 states 
all concluding remarks. 
5.1   Introduction to RT-LAB 
Simulation tools have been widely used for the design and enhancement of electrical 
systems since the mid twentieth century. The evolution of simulation tools has progressed in 
step with the evolution of computing technologies [132]. In recent years, computing 
technologies have upgraded dramatically in performance and become extensively available at 
a steadily decreasing cost. Consequently, simulation tools have also seen dramatic 
performance gains and there is a steady decrease in cost. Researchers and engineers now have 
access to affordable, high performance simulation tools that were previously too costly, 
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except for the largest manufacturers and utilities. RT-LAB [7, 50, 65, 98, 104, 132, 144-157], 
fully integrated with MATLAB/Simulink, is the open Real-Time Simulation software 
environment that has revolutionized the way Model-based Design is performed. RT-LAB’s 
flexibility and scalability allow it to be used in virtually any simulation or control system 
application, and to add computing-power to simulations, where and when it is needed. 
This simulator was developed with the aim of meeting the transient simulation needs of 
electromechanical drives and electric systems while solving the limitations of traditional real-
time simulators. It is based on a central principle; the use of extensively available, user-
friendly, highly competitive commercial products (PC platform, Simulink). The real-time 
simulator consists of two main tools; a real-time distributed simulation package (RT-LAB) 
[144] for the execution of Simulink block diagrams on a PC-cluster, and algorithmic 
toolboxes designed for the fixed time-step simulation of stiff electric circuits and their 
controllers. Real-time simulation [145] and Hardware-In-the-Loop (HIL) applications [146-
148] are progressively recognized as essential tools for engineering design and especially in 
power electronics and electrical systems [149].  
 5.1.1 Why using real-time simulation? 
a) Gaining time  
 Allowing test engineers to gain time in the testing process.  
 Find problems at an earlier stage in the design process.  
 Proceeding to a device design while the actual system is not physically available. 
b) Lowering cost  
 Reduces enormous cost on testing a new device under real conditions. 
 The real-time system could test many possible configurations without physical 
modification. 
 Reduction of total cost over the entire project and system life cycle. 
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c) Increasing test functionalities  
 Fake and test all possible scenarios that could happen in real life in a secure and 
simulated environment.  
 High flexibility by being able to modify all parameters and signals of the test 
system at a glance.  
 Automatic test script in order to run tests 24 hours a day, 7 days a week.  
5.1.2   What is a real-time simulation? 
     Fixed-step solvers solve the model at regular time intervals from the beginning to the end 
of the simulation. The size of the interval is known as the step size: Ts.  Generally, decreasing 
Ts increases the accuracy of the results while increasing the time required simulating the 
system [150].  
Definition:  
    In a real-time system [151], we define the time step as a predetermined amount of time (ex: 
Ts = 10 µs, 1 ms, or 5 ms). Inside this amount of time, the processor has to read input signals, 
such as sensors, to perform all necessary calculations, such as control algorithms, and to write 
all outputs, such as control actuators.  
How to define a time step  
    Inputs or Outputs highest frequency sampling consideration generally, decreasing the time 
step increases the accuracy of the results while increasing the time required to simulate the 
system. The rule of thumb is to have around 10 to 20 samples per period for an AC signal  for 
a 1 kHz signal:  1/(20 * 1kHz) = 50 µs  
5.2.   Evolution of Real-Time Simulators 
    Simulator technology has evolved from physical/analogue simulators (high-voltage direct 
current (HVDC) simulators & Transient Network Analysers (TNAs)) for Electromagnetic 
Transient (EMT) and protection & control studies, to hybrid TNA/Analogue/Digital 
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simulators capable of studying EMT behaviour, to fully digital real-time simulators, as 
illustrated in Fig. 5.1. Physical simulators served their purpose well. However, they were 
very large, expensive and required highly skilled technical teams to handle the tedious jobs of 
setting up networks and maintaining extensive inventories of complex equipment [150]. With 
the development of microprocessor and floating-point DSP technologies, physical simulators 
have been gradually replaced with fully digital real-time simulators.  Fig. 5.2 gives the details 
of speed, cost and size of RT-LAB Simulators 
Digital COTS*
Simulators
Digital Custom
Simulators
Hybrid (Analog/Digital)
Simulators
Analog
Simulators
1960 1970 1980 1990 2000 Year
* COTS: Commercial-Off-The-Shelf
Digital Supercomputer
Simulators
COTS
Simulation-On-
Chip
Evolution of simulator
 
Fig. 5.1 Evolution of RT-LAB Simulator  
COTS-based high-end real-time simulators equipped with multi-core processors have been 
used in aerospace, robotics, automotive and power electronic system design and testing for a 
number of years [6]. Recent advancements in multi-core processor technology means that 
such simulators are now available for the simulation of EMT expected in large-scale power 
grids, micro grids, wind farms and power systems installed in all-electric ships and aircraft. 
These simulators, operating under Windows, LINUX and standard real-time operating 
systems (RTOS), have the potential to be compatible with a large number of commercially 
available power system analysis software tools, such as PSS/E (Power System Simulator for 
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Engineering), EMTP-RV (Electro Magnetic Transients Program - Restructured Version) and 
PSCAD (Power Systems Computer Aided Design), as well as multi-domain software tools 
such as SIMULINK and DYMOLA. The integration of multi-domain simulation tools with 
electrical simulators enables the analysis of interactions between electrical, power electronic, 
mechanical and fluid dynamic systems. 
      
Analog Hybrid Digital Super-
computer
Digital 
Custom
Digital COTS Sim-on-Chip 
COTS
Evolution of simulator
 
Fig. 5.2 Speed, cost and size of RT-LAB Simulators 
      The latest trend in real-time simulation consists of exporting simulation models to FPGA 
(Field-Programmable Gate Array). This approach has many advantages. First, computation 
time within each time step is almost independent of system size because of the parallel nature 
of FPGAs [152]. Second, overruns cannot occur once the model is running and timing 
constrains are met. Last but most importantly, the simulation time-step can be very small, in 
the order of 250 nanoseconds. There are still limitations on model size since the number of 
gates is limited in FPGAs. However, this technique holds promise.  
5.3.   RT-LAB Simulator Architecture 
5.3.1.   Block Diagram and Schematic Interface 
The present real-time electric simulator is based on RT-LAB real-time, distributed 
simulation platform; it is optimized to run Simulink in real-time, with efficient fixed-step 
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solvers, on PC Cluster [153]. Based on COTS non-proprietary PC components, RT-LAB is a 
flexible real-time simulation platform, for the automatic implementation of system-level, 
block diagram models, on standard PCs. It uses the popular MATLAB/Simulink (Matrix 
Laboratory) as a front-end for editing and viewing graphic models in block-diagram format. 
The block diagram models become the source from which code can be automatically 
generated, manipulated and downloaded onto target processors (Pentium and Pentium-
compatible) for real-time or distributed simulation. 
5.3.2 Inputs and Outputs (I/O) 
A requirement for real-time HIL applications is interfacing with real world hardware 
devices, controller or physical plant alike. In the RT-LAB real-time simulator, I/O interfaces 
are configured through custom blocks, supplied as a Simulink toolbox. The engineer merely 
needs to drag and drop the blocks to the graphic model and connect the inputs and outputs to 
these blocks, without worrying about low-level driver programming. RT-LAB manages the 
automatic generation of I/O drivers and models code so to direct the model’s data flow onto 
the physical I/O cards. 
5.3.2 Simulator Configuration 
In a typical configuration (Fig. 5.3), the RT-LAB simulator consists of 
 One or more target PCs (computation nodes); one of the PCs (Master) manages the 
communication between the hosts and the targets and the communication between all 
other target PCs. The targets use the REDHAT real-time operating system. 
 One or more host PCs allowing multiple users to access the targets; one of the hosts has 
the full control of the simulator, while other hosts, in read-only mode, can receive and 
display signals from the real-time simulator. 
 I/Os of various Types (analog in and out, digital in and out, PWM in and out, timers, 
encoders, etc).  
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The simulator uses the following communication links; 
 Ethernet connection (100 Mb/s) between the hosts and target PCs. 
 Ethernet connection between target nodes allowing parallel computation of models with 
low and medium step size (in msec range), or for free-running, on real-time simulation. 
 Fast shared-memory communication between processors on the same motherboard 
(dual, quad or 8 processors) 
 Fast IEEE 1394 (FireWire) communication links (400 Mb/s) between target PCs for 
parallel simulation of models with small step sizes (down to 20 μs) and tight 
communication constraints (power systems, electric drive control, etc). 
 
Fig. 5.3 RT-LAB Simulator Architecture 
5.4 How RT-LAB Works 
   RT-LAB allows the user to readily convert simulink models, via Real-time workshop 
(RTW), and then to conduct Real-time simulation of those models executed on multiple 
target computers equipped with multi-core PC processors [147]. This is used particularly for 
HIL and rapid control prototyping applications [155, 156]. RT-LAB transparently handles 
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synchronization, user interaction, real world interfacing using I/O boards and data exchanges 
for seamless distributed execution 
5.4.1 Single Target Configuration 
      In this configuration (Fig. 5.4 and Fig. 5.5), typically used for rapid control prototyping, 
a single computer runs the plant simulation or control logic. One or more hosts may connect 
to the target via an Ethernet link. The target uses QNX or Linux as the RTOS (real-time 
operating system) [157] for fast simulation or for applications where real-time performance is 
required. RT-LAB [7, 50, 65, 98, 104, 132],  used Red Hat ORT which is the standard Red 
Hat distribution package with an optimized set of parameters to reach real-time performance 
enabling to reach model time step as low as 10 micro sec on multi-core processors. RT-LAB system architecture
Host Computer-Windows Target Computer
TCP/IP
Edition of Simulink model
Model compilation with RT-LAB
User interface
I/O and real-time model execution
QNX or Linux OS
FTP and Telnet communication
Possible with the Host  
Fig. 5.4 RT-LAB Simulator with Single Target system 
 
Fig. 5.5 RT-LAB Simulator with Single Target system and HIL 
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5.4.2   Distributed Target Configuration 
     The distributed configuration (Fig. 5.6 and Fig 5.7) allows for complex models to be 
distributed over a cluster of multi-core PCs [147] running in parallel. The target nodes in the 
cluster communicate between each other with low latency protocols such as FireWire, Signal 
wire or Infinite Band, fast enough to provide reliable communication for real-time 
applications. 
RT-LAB system architecture
Host Computer-Windows
TCP/IP
Real-time
Link
 
Fig. 5.6 RT-LAB Simulator with distributed target system 
 
Fig. 5.7 RT-LAB Simulator with distributed target system and HIL 
      The real-time cluster is linked to one or more host stations through a TCP/IP 
(Transmission Control Protocol / Internet Protocol) network. Here again, the cluster of PCs 
can be used for Real-Time applications (using QNX or Red Hawk Linux), or fast simulation 
of complex systems (using QNX, Red Hawk or Windows). RT-LAB PC-cluster targets are 
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designed for flexible and reconfigurable mega-simulation [157]. The user can build and 
expand the PC-cluster as needed, then redeploy the PCs for other applications when the 
simulation is done. RT-LAB can accommodate up to 64 nodes running in parallel. 
5.4.3 Simulator solvers 
    The RT-LAB electrical simulator uses advanced fixed time-step solvers and computational 
techniques designed for the strict constraints of real-time simulation of stiff systems. They are 
implemented as a Simulink toolbox called ARTEMIS [144] (Advanced Real-Time Electro-
Mechanical Transient Simulator), which is used with the sim Power Systems. PSB (Power 
System Block set) is a Simulink toolbox that enables the simulation of electric circuits and 
drives within the Simulink environment. While PSB now supports a fixed-time-step solver 
based on the Tustin method, PSB alone is not suitable for real-time simulation due to many 
serious limitations, including iterative calculations to solve algebraic loops, dynamic 
computation of circuit matrices, un-damped switching oscillations, and the need for a very 
small step size which greatly slows down the simulation. The ARTEMIS solver uses a high-
order fixed time-step integration algorithm that is not prone to numerical oscillations, and 
advanced computational techniques necessary for the real-time simulation of power 
electronic systems and drives such as: 
 Exploitation of system topology to reduce matrices size and number by splitting the 
equations of separated systems. 
 Support for parallel processing suitable for distributed simulation of large systems 
 Implementation of advanced techniques for constant computation time. 
 Strictly non-iterative integration. 
 Real-time compensation of switching events occurring anywhere inside the time step, 
enabling the use of realistic simulation step sizes while ensuring a good precision of 
circuits with switches (GTO, IGBT, etc) [7, 50, 65, 98, 104, 132]. 
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5.4.4 RT-LAB Simulation development Procedure  
Electric and power electronic systems are created on the host personal computer by 
interconnecting: 
 Electrical components from component model libraries available in the Power System 
Block-set (PSB). 
 Controller components and other components from Simulink and its toolboxes that are 
supported by Real-Time-Workshop (RTW). 
 I/O blocks from the simulator I/O tool boxes. The easy to use drag and drop Simulink 
interface issued at all stages of the process. 
 These systems are then simulated and tuned off-line in the MATLAB/Simulink 
environment [144]. ARTEMIS fixed step solvers are used for the electric part and 
Simulink native solvers for the controller and other block-diagram parts. Finally, the 
model is automatically compiled and loaded to the PC-Cluster with RT-LAB 
simulation interface [145].  
The simulator software converts Simulink and Sim Power Systems non-real-time models to 
real-time simulation by providing support for: 
 Model Distribution: If a model is too complex to be computed within the time step, 
the simulator allows the model to be distributed over several processors, automatically 
handling the inter-processor communication through TCP/IP, FireWire or Shared 
Memory. Electric systems can be separated by using natural delay in the system 
(Analog-to-Digital conversion delays, filtering delays, transmission lines, etc). 
 Multi-rate Computation: Not all the components in a system need to be executed at 
very small time steps. If the system can be separated into subsystems and executed at 
different update rates, cycles can be freed up for executing the subsystem(s) that need 
to be updated faster. 
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 Specialized Solvers: The simulator uses libraries of specialized solvers (ARTEMIS) 
and blocks that address many of the mathematical problems that arise when taking a 
model to real-time [140], such as new fixed step integrators that reduce the errors 
introduced when replacing a variable step integrator, and special tool box that 
compensate for errors introduced when events occur between time steps (RT-Events). 
 Software and Hardware Interfaces: In addition to wide range of I/O Types and 
boards, the simulator includes a comprehensive application program interface (API) 
that allows signals in the model to be used in other on-line software for visualization 
and interaction. 
5.5 PCI OP5142 configuration 
    The OP5142 (Fig. 5.8) is one of the key building blocks in the modular OP5000 I/O 
system from Opal- RT Technologies [144]. It allows the incorporation of FPGA technologies 
in RT-LAB simulation clusters for distributed execution of HDL (Hardware description 
language) functions and high-speed, high-density digital I/O in real-time models. Based on 
the highest density Xilinx Spartan-3 FPGAs, the OP5142 can be attached to the backplane of 
an I/O module of either a Wanda 3U- or Wanda 4U-based Opal-RT simulation system. It 
communicates with the target PC via a PCI-Express (Peripheral Component Interconnect - 
Express) ultra-low-latency real-time bus interface.   
   The OP5142 includes connectivity to up to four (4) 4U digital and/or analog I/O 
conditioning modules. This allows the incorporation of task-specific I/O hardware, such as 
high-speed analog signal capture and generation. Furthermore, FPGA [152] developers can 
incorporate their own functionality, using the System Generator for DSP toolbox or their 
favourite HDL development tool, through the PCIe interface without the need for connecting 
to the JTAG (Joint Test Action Group) interface. Configuration files can be uploaded and 
stored on the built-in Flash memory for instant start up. The PCI-Express port on the OP5142 
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adapter board allows the user to connect the distributed processors together and operate at 
faster cycle times than ever before. This real-time link takes advantage of the FPGA [152] 
power to deliver up to 2.5 Gbits/s full-duplex transfer rates. Table 5.1 Gives the description 
of OP5142 layout [7, 50, 65, 98, 104, 132]. 
 
Fig. 5.8 OP5142 Layout 
5.5.1 Key Features  
Reconfigurability  
   The OP5142 platform FPGA [152] device can be configured exactly as required by the 
user. Integration with Simulink, the System Generator for DSP toolbox from Xilinx and RT-
XSG from Opal-RT Technologies allows the transfer of Simulink sub models to the OP5142 
FPGA processor for distributed processing. In addition, standard and user-developed 
functions can be stored on the on-board Flash memory for instant start-up. The OP5142 board 
is configurable on-the-fly using the PCIe bus interface and the RT-Lab design environments.  
Performance  
  The OP5142 [7, 50, 65, 98, 104, 132], series products enable update rates of 100 MHz, 
providing the capability to perform time-stamped capture and generation of digital events for 
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high precision switching of items such as PWM I/O signalling up to very high frequencies, as 
I/O scheduling is performed directly on the OP5142 board [144]. 
Channel Density  
 Up to 256 software-configurable Digital I/O lines for event capture/generation, PWM 
I/O and user functions;  
 Up to 128 16-bit Analog I/O channels, simultaneous sampling at 1 MS/s per channel 
for digital-to-analog conversion and 400 kS/s for analog-to-digital conversion. 
Table 5.1  - Description of components in OP5142 Layout (OPAL-RT) 
 
1. FPGA Engine manual reset: This button is connected to the master reset signal of the 
OP5142 board. Pressing this button forces the FPGA reconfiguration, and then sends a 
reset signal to all OP5142 subsystems.  
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2.  FPGA JTAG interface: This connector give access to the OP5142 JTAG chain. It is used 
to configure the flash memory with its default configuration file. The JTAG connection 
enables the user to program manually the reprogrammable components on the board and 
to debug the design using the Chip scope, through the System Generator for DSP “Chip 
scope” block. The use of this port is reserved for advanced users. In general, this port 
should not be used after the board is manufactured. Depending upon the “JUMP4” 
jumper presence, this interface may give access to either the FPGA and CPLD 
configuration, or only the FPGA one. 
3. CPLD JTAG interface: If the “JUMP4” jumpers are set to the independent mode, this 
connector gives access to the CPLD JTAG configuration interface. The JTAG 
connection enables the user to program manually the reprogrammable components on the 
board. The use of this port is reserved for advanced users. In general, this port should not 
be used after the board is manufactured. If the jumpers are set to the shared mode, the 
CPLD and FPGA JTAG configuration are daisy-chained, and the “JTAG1” connector 
must be used instead of this one.  
4.  JTAG architecture selection: This connector enables the JTAG interface of the OP5142 
CPLD and FGPA to be daisy-chained. For independent operation, place jumper between 
pins 6-8. For daisy chain operation, place jumpers between pins 1-2, 3-4, 5-6 and 7-8, 
and use the FPGA JTAG connector only. 
5. PCIe Bridge JTAG interface: This connector give access to the PLX PCI-express bridge 
JTAG interface. It is used during manufacturing to configure the bridge with its default 
configuration, and should not be used by the user. 
6. SerDes JTAG interface: This connector give access to the Texas Instrument Serializer - 
Deserializer JTAG interface. It is used during manufacturing to configure the chip with 
its default configuration, and should not be used by the user.  
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7. PCIe & Synchronization bus and Power Supply: This port implements all data and power 
transfers that need to be done with the external world. It carries to the external PCI-
express adapter:  
 The synchronization pulse train to a RTSI (real-time system integration) connector; 
 Data communication packets to the PCI-express bus;  
 Power supply voltages. 
8.  Backplane Data, ID and I²C interface: These three connectors are to be attached to the 
Wanda Backplane Adapter J1, J2 and J3 headers. They exchange all I/O-related data to 
the I/O module, including identification data, serial communication with I²C devices and 
user I/O dataflow.  
9. Identification EEPROM write protection: This header enables the write protection of the 
EEPROM (Electrically Erasable Programmable Read only Memory) located on the 
OP5142. EEPROM contains the board revision ID, and it always remains write-
protected. 
10. FPGA Configuration Mode selection: This header enables the developer to select the way 
the OP5142 FPGA should be configured. The two options are (a) JTAG configuration, or 
(b) Slave parallel configuration (from the Flash memory). In nor-mal use, the FPGA 
should always be configured using the Slave parallel feature. Note that pin #1 is on the 
left-hand side of the header (i.e. the “J”UMP side). 
11. Flash Memory write protection: This header is used to enable the developer to write some 
reserved sectors of the configuration flash memory. These sectors should never be used 
by the user. 
12. Flash memory forced programmation voltage: This header provides a 12V supply voltage 
to the JUMP3 connector. JUMP3 is used to enable the developer to write some reserved 
sectors of the configuration flash memory. These sectors should never be used by the 
user. Note that pin #1 is on the left-hand side of the header (i.e. the “J”4 side). 
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5.5.2   Technical Specifications  
       Digital I/O  
 Number of channels                  256  input/output configurable in 1- to 32-bit 
 Groups Compatibility                3.3V  
 Power-on state                           High impedance 
        FPGA 
 Device                             Xilinx Spartan 3 
 I/O Package                           fg676 
 Embedded RAM available           216 Kbytes  
 Clock                                           100 MHz  
 Platform options                          XC3S5000 
 Logic slices                                   33,280  
 Equivalent logic cells                    74,880 
  Available I/O lines                        489 
        Bus 
 Dimensions (not including connectors)                 PCI-express x1  
 Data transfer                                                         2.5 Gbit/s 
5.5.3 Analog conversion interface:  
   Two Types of analog conversion modules are available: the OP5340 is a bank of analog-to-
digital converters (ADC) and the OP5330 is a bank of digital-to-analog (DAC) converters. 
The analog conversion banks must be placed onto an OP5220 passive carrier, thus providing 
an easy access to the modules on the front panel of the Wanda box. OP5330 and OP5340 
[144] features are:  
 Up to 16 analog Input (OP5340) or digital Output (OP5330) channels;  
 One 16-bit ADC (OP5340) or DAC (OP5330) per channel;  
 Accuracy of +/- 5mV;  
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 Simultaneous sampling on all channels eliminates skew errors inherent in multiplexed 
channels;  
 Up to 500 kS/s update rate for every channel. Total throughput of up to 8 MS/s;  
  Dynamic range of ± 16V;  
 Hardware configurable on-board signal conditioning and anti aliasing filter;  
 On-board EEPROM memory for calibration parameters;  
 Library of drag-and-drop Opal-RT RT-XSG blocks for Simulink 
5.6 System Performance of Type-2 FLC based P-Q Control Strategy with Different 
Fuzzy MFs using real-time digital simulator 
    Fig. 5.9, 5.10 and 5.11 gives the details of Source Voltage, Load Current, Compensation 
current, Source Current with filter, DC Link Voltage, THD of Type-2 FLC based p-q control 
strategy with different Fuzzy MFs under balanced, un-balanced and non-sinusoidal supply 
voltage conditions using real-time digital simulator (OPAL-RT) hardware. 
     Initially the system performance is analysed under balanced sinusoidal conditions, during 
which the Type-2 FLC with all three MFs (Triangular, Trapezoidal & Gaussian) are good 
enough at suppressing the harmonics and the THD of p-q control strategy using real-time 
digital simulator is 1.36%, 1.02% and 0.73% respectively. However, under un-balanced and 
non-sinusoidal conditions the Type-2 FLC with Gaussian MF shows superior performance. 
The THD of the p-q control strategy using Type-2 FLC with Trapezoidal MF under un-
balanced condition is 2.28% and under non-sinusoidal condition it is 3.31%. The THD of the 
p-q control strategy using Type-2 FLC with Triangular MF under un-balanced is 1.87% and 
under non-sinusoidal condition it is 2.92%. The THD of the p-q control strategy using Type-2 
FLC with Gaussian MF under un-balanced condition is 1.25% and under non-sinusoidal 
condition it is 2.14% using real-time digital simulator.   
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Fig. 5.9  SHAF response using p-q control strategy with Type-2 FLC (Trapezoidal, Triangular and 
Gaussian MF) under balanced Sinusoidal condition using real-time digital simulator 
(a)Source Voltage (b)Load Current (Scale 30A/div) (c)Compensation current (Scale 20A/div)  using Trapezoidal MF 
(d)Source Current (Scale 40A/div)  with filter using Trapezoidal MF (e)DC Link Voltage using Trapezoidal MF 
(f)Compensation current using Triangular MF (g)Source Current with filter using Triangular MF (h)DC Link Voltage 
using Triangular MF(i)Compensation current using Gaussian MF (j)Source Current with filter using Gaussian MF 
(k)DC Link Voltage using Gaussian MF (l)THD of Source current with Trapezoidal MF (m)THD of Source current 
with Triangular MF (n)THD of Source current with Gaussian MF 
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Fig. 5.10 SHAF response using p-q control strategy with Type-2 FLC (Trapezoidal, Triangular and 
Gaussian MF) under un-balanced Sinusoidal condition using real-time digital simulator 
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Fig. 5.11  SHAF response using p-q control strategy with Type-2 FLC (Trapezoidal, Triangular and 
Gaussian MF) under Non-Sinusoidal condition using real-time digital simulator 
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      Even though, the p-q control strategy using Type-2 FLC with different Fuzzy MFs is able 
to mitigate the harmonics, small amount of notches are observed in the source current. The 
main reason behind the notches is that the controller failed to track the current correctly and 
thereby APF fails to compensate completely. So to mitigate the harmonics perfectly one has 
to choose perfect control strategy. So to avoid the difficulties occur with p-q control strategy, 
we have considered Id-Iq control strategy with Type-2 FLC.  
5.7 System Performance of Type-2 FLC based Id-Iq Control Strategy with different 
Fuzzy MFs using real-time digital simulators 
      Fig. 5.12, 5.13 and 5.14 gives the details of Source Voltage, Load Current, Compensation 
current, Source current with filter, DC Link Voltage, THD of Type-2 FLC based Id-Iq control 
strategy with different Fuzzy MFs using real-time digital simulator. 
Initially the system performance is analysed under balanced sinusoidal conditions, during 
which the Type-2 FLC with all three MFs (triangular, trapezoidal and Gaussian) are good 
enough at suppressing the harmonics. The respective THDs of SHAF in real-time digital 
simulator are 0.66%, 0.52% and 0.43%.  
    The THD of the Id-Iq control strategy using Type-2 FLC with Trapezoidal MF under un-
balanced condition is 1.38% and under non-sinusoidal it is 2.62%. The THD of the Id-Iq 
control strategy using Type-2 FLC with Triangular MF under un-balanced is 1.17% and 
under non-sinusoidal it is 1.98%. The THD of the Id-Iq control strategy using Type-2 FLC 
with Gaussian MF under un-balanced is 0.79% and under non-sinusoidal condition it is 
1.63%. These are all obtained using real-time digital simulator.  
       While considering Id-Iq control strategy using Type-2 FLC with different Fuzzy MFs, 
SHAF is succeeded in compensating harmonic currents. It is observed that, source current 
waveforms are very good; notches in the waveform are eliminated by using Id-Iq control 
strategy with Type-2 FLC different Fuzzy MFs.  
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Fig.5.12 SHAF response using Id-Iq control strategy with Type-2 FLC (Trapezoidal, Triangular and 
Gaussian MF) under balanced Sinusoidal condition using real-time digital simulator 
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Fig. 5.13  SHAF response using Id-Iq control strategy with Type-2 FLC (Trapezoidal, Triangular and 
Gaussian MF) under un-balanced Sinusoidal condition using real-time digital simulator 
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Fig. 5.14   SHAF response using Id-Iq control strategy with Type-2 FLC (Trapezoidal, Triangular and 
Gaussian MF) under Non-Sinusoidal condition using real-time digital simulator 
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The Real-time implementation results showed that even if the supply voltage is non-
sinusoidal the performance with Id-Iq theory with Type-2 FLC comfortably outperformed the 
results obtained using p-q theory with Type-2 FLC. 
5.8. Comparative Study 
    Fig. 5.15 and Fig. 5.16 (bar graphs), clearly illustrate the THD of Source Current for p-q 
and Id-Iq control strategies using PI controller, Type-1 FLC and Type-2 FLC with different 
Fuzzy MFs using real-time digital simulator under various source conditions.  
 
Fig. 5.15 The Bar Graph indicating the THD of Source Current for p-q control strategy using PI controller, 
Type-1 FLC and Type-2 FLC with different Fuzzy MFs using real-time digital simulator 
 
Fig.5.16 The Bar Graph indicating the THD of Source Current for Id-Iq control strategy using PI 
controller, Type-1 FLC and Type-2 FLC with different Fuzzy MFs using real-time digital simulator 
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5.9. Summary 
      Modern power systems continue to evolve requiring constant evaluation of new 
constraints. Major studies will require the use of very fast, flexible and scalable real-time 
simulators.  This chapter has introduced a specific class of digital simulator known as a real-
time simulator. The latest trend in real-time simulation consists of exporting simulation 
models to FPGA. This approach has many advantages. First, computation time within each 
time step is almost independent of system size because of the parallel nature of FPGAs. 
Second, overruns cannot occur once the model is running and timing constrains are met. Last 
but most importantly, the simulation time-step can be very small, in the order of 250 
nanoseconds. There are still limitations on model size since the number of gates is limited in 
FPGAs. However, this technique holds promise.  
    The Real-time implementation results showed that even if the supply voltage is non-
sinusoidal the performance of Type-2 FLC based Id-Iq theory with Gaussian MF showing 
better compensation capabilities in terms of THD compared to Id-Iq theory with PI controller, 
Type-1 FLC (with all three MFs) and Type-2 FLC (Trapezoidal, Triangular MF) and also 
compared to p-q theory with PI controller, Type-1 FLC (with all three MFs) and Type-2 FLC 
(with all three MFs). 
    While considering the Id-Iq theory using Type-1 FLC and Type-2 FLC; and the p-q control 
strategy with Type-2 FLC; the SHAF has been found to meet the IEEE 519-1992 standard 
recommendations on harmonic levels, making it easily adaptable to more severe constraints 
such as highly distorted and unbalanced supply voltage. The control approach has 
compensated the neutral harmonic currents and the dc bus voltage of SHAF is almost 
maintained at the reference value under all disturbances, which confirm the effectiveness of 
the controller. 
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6.1 CONCLUSIONS 
        In this research work, our main objective being compensation of current harmonics 
generated due to the presence of non-linear loads in three-phase four-wire distribution 
system, the research studies presented in this thesis starts with an introduction to harmonics 
clearly specifying its description, causes and consequences. The role of passive power filters 
in harmonics elimination is discussed. But to avoid the inevitable drawbacks of passive 
filters, we moved towards the use of Active power filters (APFs). After comparing various 
APF configurations, we chose the three-phase four-wire capacitor midpoint Shunt APF VSI-
PWM configuration for the modelling of shunt APF.  
     We have evaluated the performances of p-q and Id-Iq control strategies by comparing the 
THDs in compensated source currents and DC link voltage regulation under balanced, un-
balanced and distorted/non-sinusoidal supply conditions. DC-link voltage regulation with the 
help of PI controller, Type-1 FLC and Type-2 FLC with different Fuzzy MFs (Trapezoidal, 
Triangular and Gaussian MF) to minimize the power losses occurring inside APF is studied. 
We had a discussion on various drawbacks encountered in conventional PI controller. The 
next research concentrated on the implementation of Type-1 FLC with different Fuzzy MFs 
(Trapezoidal, Triangular and Gaussian MF), this also suffers from several drawbacks 
resulting in severe deterioration of APF performance. Hence we have developed Type-2 FLC 
with different Fuzzy MFs; that could overcome the drawbacks observed in the PI and Type-1 
FLC. Three-phase reference current waveforms generated by proposed scheme are tracked by 
the three-phase voltage source converter in a hysteresis band control scheme. The 
performance of the control strategies has been evaluated in terms of harmonic mitigation and 
DC link voltage regulation. The simulation (MATLAB) results are validated with real-time 
implementation on Real-time digital simulator (OPAL-RT). 
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The findings of the above investigations are summarized in the Figs. 6.1, 6.2, 6.3 and 6.4. 
Fig. 6.1, Fig. 6.2, Fig. 6.3 and Fig. 6.4 (line graphs), Clearly illustrates the amount of THD 
of source current reduced from one controller to other controller for shunt active filter control 
strategies under various source conditions using MATLAB and Real-time digital simulator. 
 
Fig. 6.1. The Line Graph indicating the amount of THD reduced for PI controller, Type-1 FLC and 
Type-2 FLC with different Fuzzy MFs using p-q control strategy with MATLAB 
 
Fig. 6.2. The Line Graph indicating the amount of THD reduced for PI controller, Type-1 FLC and 
Type-2 FLC with different Fuzzy MFs using Id-Iq control strategy with MATLAB 
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Fig. 6.3. The Line Graph indicating the amount of THD reduced for PI controller, Type-1 FLC and 
Type-2 FLC with different Fuzzy MFs using p-q control strategy with Real-time digital simulator 
 
Fig. 6.4. The Line Graph indicating the amount of THD reduced for PI controller, Type-1 FLC and 
Type-2 FLC with different Fuzzy MFs using Id-Iq control strategy with Real-time digital simulator 
 
The investigations carried out in this research work yield the following important 
conclusions. 
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 It can be inferred from the simulation and real-time results of Chapter 2 that, p-q 
control strategy yields inadequate results under un-balanced and/or non-sinusoidal 
source voltage conditions. 
 Under unbalanced and/or non-sinusoidal condition, p-q control strategy is not 
succeeded in compensating harmonic currents, notches are observed in the source 
current. The main reason behind the notches is that the controller failed to track the 
current correctly and thereby APF fails to compensate completely. So to avoid the 
difficulties occur with p-q control strategy, we have considered Id-Iq control strategy. 
 The Id-Iq scheme is the best APF control scheme for compensation of current 
harmonics for a wide variety of supply voltage and loading conditions. The THD in 
source current can also be lowered down satisfactorily below 5%, thereby satisfying 
the IEEE-519 standards on harmonic level. Simultaneously, it also compensates for 
excessive neutral current. 
 Under un-balanced and/or non-sinusoidal conditions, PI controller is unable to 
maintain the DC link voltage constant (Vdc is nearer to 780V, but Vdc-ref is 800V) and 
it is unable to mitigate the harmonics completely and THD is close to 5%. The 
mitigation of harmonics is poor when the THD of source current is more. But 
according to IEEE 519-1992 standard, THD must be less than 5%. So to mitigate 
harmonics effectively, we have considered Type-1 FLC with different Fuzzy MFs. 
 Id-Iq control strategy using Type-1 FLC with different Fuzzy MFs, the SHAF is able to 
maintain the DC link voltage constant (Vdc is nearer to 790V, but Vdc-ref is 800V) and 
it is able to mitigate harmonics (THD is nearly equal to 2.5% to 3.5%) in a better way 
than that of p-q control strategy using Type-1 FLC with different Fuzzy MFs (THD is 
nearly equal to 3% to 5%). 
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 Even though, the Id-Iq control strategy using Type-1 FLC with different Fuzzy MFs is 
able to mitigate the harmonics but notches are present in the source current. So to 
avoid the difficulties occur with Type-1 FLC based p-q and Id-Iq control strategies 
with different Fuzzy MFs, we have considered Type-2 FLC with different Fuzzy MFs.   
 The proposed Type-2 FLC based SHAF with different Fuzzy MFs is able to eliminate 
the uncertainty in the system) and SHAF gains outstanding compensation abilities. 
Type-2 FLC is able to maintain the DC link voltage constant (Vdc is nearer to 797V; 
which is almost equal to Vdc-ref 800V) and it is able to mitigate harmonics (THD is 
nearly equal to 1% to 2%) in a superior way than Type-1 FLC (THD is nearly equal to 
2.5% to 5%). 
  While considering the Id-Iq control strategy using Type-1 FLC (Trapezoidal, 
Triangular and Gaussian MF) and Type-2 FLC (Trapezoidal, Triangular and Gaussian 
MF) and the p-q control strategy with Type-1 FLC (Triangular and Gaussian MF) and 
Type-2 FLC (Trapezoidal, Triangular and Gaussian MF), the SHAF has been found to 
meet the IEEE 519-1992 standard recommendations on harmonic levels. 
 PI controller, Type-1 FLC and Type-2 FLC based shunt active filter control strategies 
(p-q and Id-Iq) with different Fuzzy MFs (Trapezoidal, Triangular and Gaussian) are 
verified with Real-time digital simulator (OPAL-RT) hardware to validate the 
proposed research.  
 The Simulation and Real-time implementation results showed that even if the supply 
voltage is un-balanced and/or non-sinusoidal the performance of SHAF using Id-Iq 
theory with Type-2 FLC (Gaussian MF) showing better compensation capabilities in 
terms of THD compared to Id-Iq theory with PI, Type-1 FLC (Trapezoidal, Triangular 
and Gaussian MF) and Type-2 FLC (Trapezoidal, Triangular MF) and also p-q theory 
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with PI, Type-1 FLC (Trapezoidal, Triangular and Gaussian MF) and Type-2 FLC 
(Trapezoidal, Triangular and Gaussian MF). The control approach has compensated 
the neutral harmonic currents and the dc bus voltage of SHAF is almost maintained at 
the reference value under all disturbances, which confirm the effectiveness of the 
controller.  
 RT-Lab real-time simulation results further confirm the results obtained from 
MATLAB simulations that is, Id-Iq scheme is the best reference compensation current 
extraction scheme and Type-2 FLC based controller is most efficient out of all the 
other conventional (PI) and Type-1 FLC based controllers discussed in this thesis. 
   6.2 FUTURE SCOPE 
     This thesis efforts have been made improve the power quality of power system by 
mitigating the current harmonics and maintaining dc-link voltage constant using PI controller, 
Type-1 FLC and Type-2 FLC based shunt active filter control strategies (p-q and Id-Iq) with 
different Fuzzy MFs under various source voltage conditions. It has explored some good 
ideas and suitable solutions, but further investigation is necessary. 
 In this research work, we have attempted to improve the power quality of power system 
by mitigating the current harmonics and maintaining dc link voltage constant. 
            Many applications require a compensation of a combination of voltage and current 
based problems, a few of them being interrelated. A hybrid of active series and active 
shunt filters is an ideal choice for such mixed compensation. Moreover, this hybrid of 
both APF's (also known as a unified power quality conditioner, UPQC) is also quite 
suitable for individual current or voltage based compensation. However, the rating, size, 
and cost of this UPQC is on the higher side, therefore, for few combinations of 
compensation such as voltage and current harmonics, other APFs (active series and 
passive shunt) are considered most suitable.  
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 The proposed shunt active filter has been operated by using two control strategies, namely 
p-q and Id-Iq control strategies. 
            Applying the improved control strategies (Perfect harmonic cancellation control 
strategy and etc.) can still improve the power quality. So potential of proposed version 
could be explored by adopting different control strategies. 
 The proposed shunt active filter has been operated by using three controllers, namely PI 
controller, Type-1 FLC and Type-2 FLC with different Fuzzy MFs. 
          Applying the improved controllers (Neuro-Fuzzy and etc.) can still improve the power 
quality. So potential of proposed version could be explored by adopting different 
controllers. 
 In this research work, we had considered Fuzzy Hysteresis current control scheme for 
generation of gating signals to the devices of the APF.  
             Applying the improved switching techniques (Adaptive Fuzzy hysteresis controller 
and etc.) can still improve the output quality. So potential of proposed version could be 
explored by adopting different switching techniques. 
 In this research work, we had considered Mamdani type of Fuzzy logic controller with 49 
rules; type of membership functions are Trapezoidal, Triangular and Gaussian; No. of 
membership functions are seven; Type of implication is Mamdani Max-Min Operation 
and Type of defuzzification method is centroid of area method. 
          Takai Sugeno Fuzzy logic controller is better than the Mamdani type of Fuzzy logic 
controller in the sense that it requires only two numbers of Fuzzy sets, four rules 
compared to seven Fuzzy sets, 49 rules used for the Mamdani type FLC. Hence, the TS 
FLC is a good aspirant for improving the performance of a system by eliminating the 
harmonics.  
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active filter Id–Iq control strategy with different fuzzy
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Abstract: This research paper proposes the shunt active ﬁlter (SHAF), which is used to improve the power quality of the electrical
network by mitigating the harmonics with the help of Types-1 and -2 fuzzy logic controllers (Types-1 and -2 FLC) using different
fuzzy membership functions (MFs). To carry out this analysis, active and reactive current (Id–Iq) control strategy is chosen. Three-
phase reference current waveforms generated by proposed scheme are tracked by the three-phase voltage source converter in a
hysteresis band control scheme. The performance of the proposed control strategy has been evaluated in terms of harmonic
mitigation and DC-link voltage regulation under various source conditions. To maintain DC-link voltage constant and to
generate the compensating reference currents, the authors have developed Types-1 and -2 FLC with different fuzzy MFs
(trapezoidal, triangular and Gaussian). The Id–Iq control strategy with proposed Type-2 FLC is able to eliminate the
uncertainty in the system and SHAF gains outstanding compensation abilities. The detailed real-time results using real-time
digital simulator are presented to support the feasibility of proposed control strategy.
1 Introduction
Power quality (PQ) has been an important and growing
problem because of the proliferation of non-linear loads
such as power electronic converters in typical power
distribution systems in recent years. Particularly, voltage
harmonics and power distribution equipment problems
result from current harmonics produced by non-linear loads
[1]. The electronic equipment such as, computers, battery
chargers, electronic ballasts, variable frequency drives and
switched-mode power supplies, generate perilous harmonics
and cause enormous economic loss every year. Problems
caused by PQ have great adverse economic impact on the
utilities and customers. Owing to that both power suppliers
and power consumers are concerned about the PQ problems
and compensation techniques [2].
Issue of Harmonics are of a greater concern to engineers
and building designers because harmonics can do more than
distort voltage waveforms, they can overheat the building
wiring, causes nuisance tripping, overheat transformer
units and cause random end-user equipment failures. Thus
PQ has become more and more serious with each passing
day. As a result active power ﬁlter (APF) gains much
more attention because of excellent harmonic and reactive
power compensation in two-wire (single phase), three-wire
(three-phase without neutral) and four-wire (three-phase
with neutral) ac power networks with non-linear loads.
The APF technology has been under research and
development for providing compensation for harmonics,
reactive power and/or neutral current in ac networks.
Current harmonics are one of the most common PQ
problems and are usually resolved by the use of shunt
active ﬁlters (SHAF) [2].
In this research paper, the performance of the SHAF
current control strategy has been evaluated in terms of
harmonic mitigation and DC-link voltage regulation. For
extracting the three-phase reference currents for shunt
APFs, we have developed SHAF instantaneous active and
reactive current ‘Id–Iq’ control strategy. For regulating and
maintaining the DC-link capacitor voltage constant, the
active power ﬂowing into the active ﬁlter needs to be
controlled. To maintain DC-link voltage constant and to
generate the compensating reference currents, we have
developed Types-1 and -2 fuzzy logic controller (FLC) with
different fuzzy MFs (trapezoidal, triangular and Gaussian).
The proposed APF is veriﬁed through real-time digital
simulator. The detailed real-time results are presented to
support the feasibility of proposed control strategy.
When the supply voltages are balanced and sinusoidal, the
two control strategies; instantaneous active and reactive
power (p–q) control strategy and instantaneous active and
reactive current (Id–Iq) control strategy are converging to
the same compensation characteristics but, when the supply
voltages are distorted and/or un-balanced sinusoidal, these
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Problems caused by power quality have great adverse economical impact on the utilities and customers.
Current harmonics are one of the most common power quality problems and are usually resolved by the
use of shunt active filters (SHAFs). Control strategies (p–q and Id–Iq) for extracting the three-phase refer-
ence currents for shunt active power filters are compared, evaluating their performance under different
source conditions. Three-phase reference current waveforms generated by proposed scheme are tracked
by the three-phase voltage source converter in a hysteresis band control scheme.
The performance of the control strategies has been evaluated in terms of harmonic mitigation and DC
link voltage regulation. The proposed SHAF with different fuzzy MFs (Trapezoidal, Triangular and Gauss-
ian) is able to eliminate the uncertainty in the system and SHAF gains outstanding compensation abilities.
The detailed simulation results using MATLAB/SIMULINK software are presented to support the feasibil-
ity of proposed control strategies. To validate the proposed approach, the system is also implemented on
a real-time digital simulator (OPAL-RT) Hardware and adequate results are reported for its verifications.
Ó 2012 Elsevier Ltd. All rights reserved.
1. Introduction
The demand from the electricity customers for good quality [1]
of power supply is ever rising due to the increase of sensitive loads.
This is often a challenging task. The widespread use of adjustable-
speed drives, static power converters such as single-phase and
three-phase rectifiers and a large number of power-electronics
based equipments cause distortion in the source currents [2]. The
loads such as induction furnaces and motors increase the rating
of the equipments used in the power system. Single phasing and
unequal distribution of loads among three phases cause excessive
neutral current to flow in the system. Though conventional load
compensation using passive filters is simple to design and operate,
it has drawbacks like resonance, overloading, and detuning. More-
over, it is not suitable for fast changing loads. The abovementioned
problems are effectively alleviated by using a shunt active power
filter (SHAF) [3]. The selection of control strategy for the SHAF
plays a significant role to get the desired compensation character-
istics. The two main control strategies for load compensation are
instantaneous power and current (p–q and id–iq) control strategies
[4].
In the id–iq method [4–6] the angle ‘h’ is calculated directly from
the main voltages which enables the method to be frequency inde-
pendent. As a result, a large number of synchronization problems
with un-balanced and non-sinusoidal voltages are avoided.
Recently, fuzzy logic controllers [4,6] have received a great deal
of attention in regards to their application to APFs. The advantages
of fuzzy logic controllers over conventional controllers (PI) are that
they do not require an accurate mathematical model, can work
with imprecise inputs, can handle non-linearity, and are more ro-
bust than conventional PI controllers [4,6]. The Mamdani type of
fuzzy logic controller, used for the control of an APF, gives better
results when compared with PI controllers, but it has the drawback
of a larger number of fuzzy sets and 49 rules.
Present paper mainly focused on the fuzzy logic controller with
different membership functions (MF’s) to analyse the performance
of instantaneous power and current (p–q and Id–Iq) control strate-
gies [4,7] for extracting reference currents of shunt active filters
under different voltage conditions. PWM pattern generation based
on carrier less hysteresis based current control is used for quick
response. It is also observed that DC voltage regulation system
valid to be a stable and steady-state error free system was ob-
tained. Thus with fuzzy logic and (Id–Iq) approaches a novel shunt
active filter can be developed by using different MFs.
2. Instantaneous active and reactive power (p–q) theory
Instantaneous reactive power theory (or pq theory) was first
proposed by Akagi and co-authors in 1984 [8], and has since been
the subject of various interpretations and improvements. In this
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SUMMARY
This research article presents a novel approach based on an instantaneous active and reactive current component
(id-iq) theory for generating reference currents for shunt active ﬁlter (SHAF). Three-phase reference current
waveforms generated by proposed scheme are tracked by the three-phase voltage source converter in a
hysteresis band control scheme. The performance of the proposed control strategy has been evaluated in terms
of harmonic mitigation and DC link voltage regulation under various source conditions.
In order to maintain DC link voltage constant and to generate the compensating reference currents, we have
developed type-1 fuzzy logic controller (T1FLC) and type-2 FLC (T2FLC) triangular M.F. The SHAF with
proposed type-1 and type-2 FLCs using triangular M.F is able to eliminate the uncertainty in the system. By
using T2FLC triangular M.F, SHAF gains outstanding compensation abilities. The detailed simulation results
using MATLAB/SIMULINK software are presented to support the feasibility of proposed control strategy. To
validate the proposed approach, the system is also implemented on OPAL-RT (real-time) simulator, and
adequate results are reported for its veriﬁcations. Copyright © 2012 John Wiley & Sons, Ltd.
key words: shunt active ﬁlter; harmonic mitigation; type-1 fuzzy logic controller; type-2 fuzzy logic
controller; triangular M.F; current control strategy; OPAL-RT simulator hardware
1. INTRODUCTION
The concept of fuzzy systems [1] was introduced by Lotﬁ Zadeh in 1965 to process data and information
affected by unprobabilistic uncertainty/imprecision. Soon after, it was proven to be an excellent choice for
many applications since it mimics human control logic. These were designed to represent mathematically
the vagueness and uncertainty of linguistic problems, thereby obtaining formal tools to work with intrinsic
imprecision in different type of problems. It is considered as a generalization of the classic set theory.
Intelligent systems based on fuzzy logic are fundamental tools for nonlinear complex system modelling.
With the development of type-2 fuzzy logic systems [2] and their ability to handle uncertainty, utilizing
type-2 fuzzy logic controller (T2FLC) has attracted a lot of signiﬁcance in recent years. It is an extension
of the concept of well-known ordinary fuzzy sets, type-1 fuzzy sets. A type-2 fuzzy set is characterized by
a fuzzy membership function, i.e. the membership grade for each element is also a fuzzy set in [0, 1],
unlike a type-1 fuzzy set [3], where the membership grade is a crisp number in [0, 1]. The membership
functions of type-2 fuzzy sets are three dimensional and include a footprint of uncertainty (FOU), which
is the new third dimension of type-2 fuzzy sets. The FOU provides an additional degree of freedom to
handle uncertainties.
Power quality [4] problems have received a great attention nowadays because of their economical
impacts on both utilities and consumers. The current harmonics is the most common problem of
power quality, while voltage sags are the most severe. The advantages of FLC over conventional (PI)
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harmonics with different fuzzy membership functions
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Abstract: In this research study, the shunt active filter (SHAF) is used to improve the power quality of the electrical network by
mitigating the harmonics with the help of different fuzzy membership functions (M.Fs) (trapezoidal, triangular and Gaussian). It
is quite difficult to optimise the performance of power system networks using conventional methods, because of the complex
nature of the systems that are highly non-linear and non-stationary. Three-phase reference current waveforms generated by the
proposed scheme are tracked by the three-phase voltage source converter in a hysteresis band control scheme. The
performance of the proposed control strategy has been evaluated in terms of harmonic mitigation and dc-link voltage
regulation under various source conditions. The proposed SHAF with different fuzzy M.Fs is able to eliminate the uncertainty
in the system and SHAF gains outstanding compensation abilities. The detailed simulation results using Matlab/Simulink
software are presented to support the feasibility of the proposed control strategy. To validate the proposed approach, the
system is also implemented on a real-time digital simulator hardware and adequate results are reported for its verification.
1 Introduction
The shunt active filter (SHAF) is an inverter driven to
generate compensating currents that attenuate the harmonic
components generated by the non-linear loads [1].
Therefore only the fundamental current component would
be delivered by the mains supply. The performances of
active filters depend on the inverter parameters, control
method and the method for current reference determination.
Owing to the proliferation of non-linear loads, such as
power electronic converters in typical power distribution
systems, the power quality [2] has become an important and
growing problem. In particular, the voltage harmonics and
power distribution equipment problems are the result of
current harmonics produced by non-linear loads.
When the non-linear current passes through amenities of
the electrical system and distribution transmission lines,
additional voltage distortions will be produced because of
the impedance associated with the electrical network. Thus,
voltage and current waveform distortions will be developed
when electrical power is generated, distributed and utilised.
It is noted that non-sinusoidal current [3] results in many
problems for the utility power supply company, such as:
low-power factor, low-energy efficiency, electromagnetic
interference, distortion of line voltage and so on.
It is well-known that when a neutral wire is overheated then
excessive harmonic current will pass through the neutral line,
which is three times that of the zero sequence current. Thus, a
perfect compensator is necessary to avoid the negative
consequences of harmonics. Although several control
strategies (p–q and id– iq) [4–6] have been developed, they
still have contradictions with the performance of filters.
When the supply voltages are balanced and sinusoidal, the
two control strategies converge to the same compensation
characteristics. However, when the supply voltages are
distorted and/or unbalanced sinusoidal, these control
strategies result in different degrees of compensation in
harmonics. The p–q control strategy is unable to yield an
adequate solution when the source voltages are not ideal [7].
Recently, fuzzy logic controllers (FLC) [8] have received a
great deal of attention for their application in active power
filters (APFs). The advantages of FLC over conventional
controllers are that they do not require an accurate
mathematical model, can work with imprecise inputs, can
handle non-linearity and are more robust than the
conventional controllers. The Mamdani type of FLC is used
for the control of an APF and it gives better results, but it
has the drawback of a larger number of fuzzy rules.
The present paper mainly focused on the FLC with
different membership functions (M.Fs) to analyse the
performance of instantaneous real active and reactive
current (id– iq) control strategy [9] for extracting reference
currents of SHAF under different source voltage conditions.
PWM pattern generation based on carrier less hysteresis
current control is used for quick response. In addition, the
id– iq method is used for obtaining reference currents in the
system, because in this strategy, angle ‘u’ is calculated
directly from the main voltages and enables operation to be
frequency independent; thereby, this technique avoids a
large number of synchronisation problems. It is also
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Instantaneous active and reactive power (p–q) and current (Id–Iq) control strategies for extracting the
three-phase reference currents for shunt active power filters are compared, evaluating their performance
under different source voltage conditions with PI and fuzzy logic controllers in MATLAB/Simulink envi-
ronment and also implemented using Real-Time Digital Simulator Hardware (RTDS Hardware). When
the supply voltages are balanced and sinusoidal, then all control strategies with both controllers converge
to the same compensation characteristics. However, when the supply voltages are distorted and/or un-
balanced sinusoidal, these control strategies result in different degrees of compensation in harmonics.
The p–q control strategy unable to yield an adequate solution when source voltages are not ideal. Exten-
sive simulations are carried out with PI as well as fuzzy logic controller for both p–q and Id–Iq control
strategies by considering different voltage conditions and adequate results were presented. On owing
Id–Iq method with fuzzy logic controller gives away an out-standing performance under balanced, un-bal-
anced and non-sinusoidal supply conditions. The detailed simulation and RTDS Hardware results are
included.
Ó 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Electrical power quality [1] has been, in recent years, an impor-
tant and growing problem because of the proliferation of nonlinear
loads such as power electronic converters in typical power distri-
bution systems. Particularly, voltage harmonics and power distri-
bution equipment problems result from current harmonics
produced by nonlinear loads. Harmonics surfaced as a buzz word
from 1980s which always threaten the normal operation of power
system and user equipment. Highly automatic electric equipments,
in particular, cause enormous economic loss every year. Owing
both power suppliers and power consumers are concerned about
the power quality problems and compensation techniques.
Sinusoidal voltage is a conceptual quantity produced by an ideal
AC generator built with finely distributed stator and field windings
that operate in a uniform magnetic field. Since neither the winding
distribution nor the magnetic field are uniform in a working AC
machine, voltage waveform distortions are created, and the volt-
age–time relationship deviates from the pure sine function. The
distortion at the point of generation is very small (about 1–2%),
but nonetheless it exists. Since this is a deviation from a pure sine
wave, the deviation is in the form of an episodic function, and by
definition, the voltage distortion contains harmonics [2].
It is noted that non-sinusoidal current results in many problems
for the utility power supply company, such as: low power factor,
low energy efficiency, electromagnetic interference (EMI), distor-
tion of line voltage, etc. It is renowned that when neutral wire is
overheated then excessive harmonic current will pass through
the neutral line, which is three times that of zero sequence current.
Thus a perfect compensator is necessary to avoid the consequences
due to harmonics. Though several control techniques and strate-
gies [3] have been developed but still performance of filter in con-
tradictions; these became primarily motivation for the current
paper.
Instantaneous active and reactive theory (p–q theory) was
introduced by Akagi, Kawakawa, and Nabae in 1984 [4]. Since then,
many scientists [5–8] and engineers made significant contributions
to its modifications in three-phase four-wire circuits and its appli-
cations to power electronic equipment. The p–q theory [6] based
on a set of instantaneous powers defined in the time domain. No
restrictions are imposed on the voltage and current waveforms,
and it can be applied to three phase systems with or without neu-
tral wire for three phase generic voltage and current waveforms.
Thus it is valid not only in the steady state but also in the transient
state. p–q theory needs additional PLL circuit for synchronization
so p–q method is frequency variant.
In id–iq method [7] angle ‘h’ is calculated directly from main
voltages and thus enables the method to be frequency
0142-0615/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
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RTDS hardware implementation and simulation of SHAF for
mitigation of harmonics using p-q control strategy with PI and
fuzzy logic controllers
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Abstract The main objective of this paper is to develop
PI and fuzzy controllers to analyze the performance of
instantaneous real active and reactive power (p-q) control
strategy for extracting reference currents of shunt active
ﬁlters (SHAFs) under balanced, unbalanced, and balanced
non-sinusoidal conditions. When the supply voltages are
balanced and sinusoidal, both controllers converge to the
same compensation characteristics. However, if the supply
voltages are distorted and/or unbalanced sinusoidal, these
controllers result in different degrees of compensation in
harmonics. The p-q control strategy with PI controller is
unable to yield an adequate solution when source voltages
are not ideal. Extensive simulations were carried out with
balance, unbalanced, and non-sinusoidal conditions.
Simulation results validate the superiority of fuzzy logic
controller over PI controller. The three-phase four-wire
SHAF system is also implemented on a real-time digital
simulator (RTDS hardware) to further verify its effective-
ness. The detailed simulation and RTDS hardware results
are included.
Keywords harmonic compensation, shunt active ﬁlter
(SHAF), p-q control strategy, PI controller, fuzzy logic
controller, real-time digital simulator (RTDS hardware)
1 Introduction
Sinusoidal voltage is a conceptual quantity produced by an
ideal alternating current (AC) generator built with ﬁnely
distributed stator and ﬁeld windings that operate in a
uniform magnetic ﬁeld. Since neither the winding
distribution nor the magnetic ﬁeld are uniform in a
working AC machine, voltage waveform distortions are
created, and the voltage-time relationship deviates from the
pure sine function. The distortion at the point of generation
is very small (about 1% to 2%), but nonetheless it exists.
Since this is a deviation from a pure sine wave, the
deviation is in the form of an episodic function, and by
deﬁnition, the voltage distortion contains harmonics [1].
When a pure sinusoidal voltage is applied to a certain
type of load, the current drawn by the load is proportional
to the voltage and impedance and follows the envelope of
the voltage waveform. These loads are referred to as linear
loads (loads where the voltage and current follow one
another without any distortion to their pure sine waves) [2].
Examples of linear loads are resistive heaters, incandescent
lamps, and constant speed induction and synchronous
motors. In contrast, some loads cause the current to vary
disproportionately with the voltage during each half cycle.
These loads are deﬁned as nonlinear loads, and the current
and voltage have waveforms that are no sinusoidal
containing distortions, whereby the 50-Hz waveform has
numerous additional waveforms superimposed upon it,
creating multiple frequencies within the normal 50-Hz sine
wave. The multiple frequencies are harmonics of the
fundamental frequency. Examples of nonlinear loads are
battery chargers, electronic ballasts, variable frequency
drives, and switching mode power supplies.
As nonlinear currents ﬂow through a facilities electrical
system and the distribution-transmission lines, additional
voltage distortions are produced due to the impedance
associated with the electrical network. Thus, as electrical
power is generated, distributed, and utilized, voltage and
current waveform distortions are produced. It is noted that
non-sinusoidal current results in many problems for the
utility power supply company, such as low power factor,
low energy efﬁciency, electromagnetic interference (EMI),
distortion of line voltage, etc. Eminent issues always arise
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   This research article presents a novel approach based on an instantaneous active and reactive power component (p-q) theory 
for generating reference currents for shunt active filter (SHAF). Three-phase reference current waveforms generated by proposed 
scheme are tracked by the three-phase voltage source converter in a hysteresis band control scheme. The performance of the 
SHAF using the p-q control strategy has been evaluated under various source conditions. The performance of the proposed 
control strategy has been evaluated in terms of harmonic mitigation and DC link voltage regulation. In order to maintain DC link 
voltage constant and to generate the compensating reference currents, we have developed Fuzzy logic controller with different 
(Trapezoidal, Triangular and Gaussian) fuzzy M.F.s. The proposed SHAF with different fuzzy M.F.s is able to eliminate the 
uncertainty in the system and SHAF gains outstanding compensation abilities. The detailed simulation results using 
MATLAB/SIMULINK software are presented to support the feasibility of proposed control strategy. To validate the proposed 
approach, the system is also implemented on a real time digital simulator and adequate results are reported for its verifications. 
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control strategy, Shunt active filter 
I. INTRODUCTION 
The shunt active filter (SHAF) is an inverter driven to 
generate compensating currents that attenuate the harmonic 
components generated by the nonlinear loads [1]. Therefore, 
only the fundamental current component would be delivered 
by the main supply. The performances of active filters depend 
on the inverter parameters, control method, and the method 
for current reference determination. Current reference can be 
obtained by using the band pass filters or the instantaneous 
power theory [2]. Band pass filters have the disadvantage in 
that they cause delay of the filtered signal. The instantaneous 
power theory, on the other hand, is based on complex voltage 
and current transforms and their inverse transforms. 
Furthermore, if the voltage source is distorted by harmonics 
the instantaneous power theory does not provide an accurate 
basis for active power filters; these become the primary 
motivation for the current work.  
The objective of this paper is to introduce an efficient 
controller (Fuzzy logic controller [3] with different 
membership functions (M.F’s)) to obtain the dc link voltage 
constant and to mitigate the harmonics. The p-q method is 
used to obtain the current reference for the active power filter. 
The method for current reference determination is based on 
extracting the fundamental harmonic from a load current 
waveform without its phase shifting. In such way the current 
reference can be obtained simply by subtracting the 
fundamental harmonic from the measured load current. 
The PI controller [4] requires precise linear mathematical 
models, which are difficult to obtain and may not give 
satisfactory performance under parameter variations, load 
disturbances, etc. Recently, fuzzy logic controllers have 
received a great deal of attention in regards to their 
application to APFs. The advantages of fuzzy controllers over 
conventional controllers are that they do not require an 
accurate mathematical model, can work with imprecise inputs, 
can handle non-linearity, and are more robust than 
conventional controllers. The Mamdani type of fuzzy 
controller, used for the control of an APF [5], gives better 
Manuscript received Feb. 15, 2012; revised Jul. 18, 2012 
Recommended for publication by Associate Editor Kyo-Beum Lee. 
†Corresponding Author: msuresh.ee@gmail.com    
Tel: +91 91 78 79 78 67, Fax: +91-661-2462999, N.I.T Rourkela 
*Dept. of Electrical Engineering, National Institute of Technology - 
Rourkela, India 
Volume 12, Issue 5 2011 Article 5
International Journal of Emerging
Electric Power Systems
RTDS Hardware Implementation and
Simulation of 3-ph 4-wire SHAF for
Mitigation of Current Harmonics with p-q and
Id-Iq Control Strategies using Fuzzy Logic
Controller
Suresh Mikkili, National Institute of Technology, Rourkela
A.K. Panda, National Institute of Technology, Rourkela
Recommended Citation:
Mikkili, Suresh and Panda, A.K. (2011) "RTDS Hardware Implementation and Simulation of
3-ph 4-wire SHAF for Mitigation of Current Harmonics with p-q and Id-Iq Control Strategies
using Fuzzy Logic Controller," International Journal of Emerging Electric Power Systems: Vol.
12: Iss. 5, Article 5.
DOI: 10.2202/1553-779X.2758
Available at: http://www.bepress.com/ijeeps/vol12/iss5/art5
©2011 Berkeley Electronic Press. All rights reserved.
914 Journal of Power Electronics, Vol. 11, No. 6, November 2011
JPE 11-6-17
PI and Fuzzy Logic Controller Based 3-Phase
4-Wire Shunt Active Filters for the Mitigation of
Current Harmonics with the Id-Iq Control Strategy
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Abstract
Commencing with incandescent light bulbs, every load today creates harmonics. Unfortunately, these loads vary with respect
to their amount of harmonic content and their response to problems caused by harmonics. The prevalent difficulties with harmonics
are voltage and current waveform distortions. In addition, Electronic equipment like computers, battery chargers, electronic ballasts,
variable frequency drives, and switching mode power supplies generate perilous amounts of harmonics. Issues related to harmonics
are of a greater concern to engineers and building designers because they do more than just distort voltage waveforms, they can
overheat the building wiring, cause nuisance tripping, overheat transformer units, and cause random end-user equipment failures.
Thus power quality is becoming more and more serious with each passing day. As a result, active power filters (APFs) have
gained a lot of attention due to their excellent harmonic compensation. However, the performance of the active filters seems to
have contradictions with different control techniques. The main objective of this paper is to analyze shunt active filters with fuzzy
and pi controllers. To carry out this analysis, active and reactive current methods (id-iq) are considered. Extensive simulations
were carried out. The simulations were performed under balance, unbalanced and non sinusoidal conditions. The results validate
the dynamic behavior of fuzzy logic controllers over PI controllers.
Key Words: Fuzzy logic controller, Harmonic compensation, Id-Iq control strategy, PI controller, Shunt Active power filter
I. INTRODUCTION
In recent years power quality [1] has become an important
and growing problem due to the proliferation of nonlinear
loads such as power electronic converters in typical power dis-
tribution systems. Particularly, voltage harmonics and power
distribution equipment problems are the result of current
harmonics [2] produced by nonlinear loads.
Eminent issues always arises in three-phase four-wire sys-
tems. It is well-known the that zero line may be overheated
or causes a fire as a result of excessive harmonic current
[3] going through the zero line three times or times that of
three. Thus a perfect compensator is necessary to avoid the
negative consequences of harmonics. Though several control
techniques and strategies have been developed they still have
contradictions with the performance of filters. These issues
became the primary motivation for this paper.
In the id-iq method from [4] the angle ‘θ ’ is calculated
directly from the main voltages which enables the method to
be frequency independent. As a result, a large number of syn-
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chronization problems with un-balanced and non-sinusoidal
voltages are avoided.
The PI controller in [5] requires precise linear mathemat-
ical models, which are difficult to obtain and may not give
satisfactory performance under parameter variations, load dis-
turbances, etc. Recently, fuzzy logic controllers have received
a great deal of attention in regards to their application to
APFs. The advantages of fuzzy controllers over conventional
controllers are that they do not require an accurate mathemat-
ical model, can work with imprecise inputs, can handle non-
linearity, and are more robust than conventional controllers.
The Mamdani type of fuzzy controller from [6], used for the
control of an APF, gives better results when compared with
PI controllers, but it has the drawback of a larger number of
fuzzy sets and 49 rules.
This paper focuses mainly on two controllers i.e., fuzzy and
pi. In addition, a filter was developed with the instantaneous
active and reactive current (id–iq) method. This was then used
to analyse the performance of the filter under different main
voltages. This shows that the fuzzy controllers exhibit some
superior performance over the PI controllers. To validate the
current observations, extensive simulations were carried out
and adequate results were obtained.
